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(54) PROJECTION EXPOSURE METHOD AND APPARATUS AND PROJECTION OPTICAL 
SYSTEM 

(57) Provided is a dioptric projection.optical system 
favorably applicable to projection exposure apparatus 
used in the lithography step in fabrication of microdevic- 
es such as semiconductor devices. This projection op- 
tk»l system includes a positive, front lens unit {Gi=), an 
aperture stop (AS)» and a positive, rear lens unit (GR) 
and IS a bitelecentric optical system. The optical system 
satisfies the fbllowring con(fition: 

0.065 <f2/L< 0.1^, 

where f2 is a focal length of the rear lens unit (GR) 
and L is a distance between an object and an image. 

The projection optical system includes at least one 
aspheric surface (ASP 1 to ASP 6). 
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Deserliytlon 
Technical f=leld 

5 [0001] The present invention relates to projection exposure apparatus and methods used In fabrication of microde- 
vices, for example, such as semiconductor integrated circuits, imaging devices including CCDs and the like, liquid 
crystal displays, or thin-film muignetlc heads by the lithography technology, and to projection optical systems suitably 
applicable to such projection exposure apparatus. The present invention also relates to methods of fabricating the 
foregoing projection exposure apparatus and projection optical systems. 

10 

BadcgroundArt 

[0002] As the circuit patterns for such mlcnxievices as the semiconductor integrated circuits and others are becoming 
finer and finer in recent years, the wavelengths of illumination |jght(radlation) for exposure (exposure llght(radiatlon)) 

15 used In the exposure apparatus such as steppers and the Dke have been decreasing toward shorter wavelengths year 
after year. Namely, as the exposure light, KrF exdmer laser light (wavelength: 248 nm) is going mainstream in place 
of the i-llne (wavelength: 365 nm) of mercury iamps mainly used conventionaiiy, and ArF exdmer laser light of a much 
shorter wavelength (wavelength: 193 nm) is also nearing practical use. For the purpose of further decreasing the 
wavelength of the exposure light, there are also attempts to use halogen molecular lasers and others like the ^2 

20 (wavelength: 157 nm). 

[0003] Although the aforementioned exdmer lasers, halogen molecular lasers, etc. are available as light sources In 
the vacuum ultraviolet region of wavelengths not more than 200 nm, there are limits to practical band nannovirlng thereof. 
[0004] Since limited materials transmit the emitted light In this vacuum ultraviolet region, available materials are 
limited for lens elements constituting the projection optical systems and transmittances of the limited materials are not 
25 80 high, either. As matters now stand, the perfonnance of antireflection coats provided on surfaces of the lens elements 
is not 80 high, as against those for longer wavelengttis. 

[0005] A first object of the present invention is to suppress chromatic abenration of the projection optical system and 
reduce loads on ttie light source. 

[0006] A second object of the present invention Is to correct chromatic aberration for the exposure light having some 
30 spectral width, by adding a single kind of glass material or a few color-correcting glass materials. 

[0007] A third object of the present invention is to obtain an extremely fine mlcn)devk:e drcult pattem while simplifying 
the structure of the projection optical system. 

[0008] A fourth object of the present Invention Is to obtain an extremely fine microdevice circuit pattem wtthout de- 
crease in throughput 

35 

Disclosure of the Invention 

[0009] For accomplishing the foregoing first or second object, a first projection optical system according to the present 
invention is a dioptric projection optical system for fonmlng an Image of a pattem on a first surface, onto a second 
40 surface by action of light-transmitting (radiation-transmitting) refractors, comprising: a front lens unit having a positive 
refracting power, located in an optical patii between the first surface and ttie second surface; a rear lens unit having 
a positive r^racting power, located In an optical patti b^een the front lens unit and the second surface; and an 
aperture stop located in the vrcinity of a rear focus position of tiie front lens unit; ttie projection optical system being 
telocentric on the first surface side and on the second surface side, wherein the following condition is satisfied: 

45 

0.065 <f^< 0.125, 

where f2 is a focal lengtti of the rear lens unit and L is a distance from ttie first surface to the second surface. 

50 [0010] A first fabrication mettiod of a projection optical system according to the present invention is a method of 
fabricating a dioptric projection optical system for forming an image of a pattem on a first surface, onto a second surface 
by action of radiation-transmitting refractors, comprising: a step of locating a front lens unit having a positive refracting 
power; a step of locating a rear lens unit having a positive refracting power, between ttie front lens unit and the second 
surface; and a step of locating an aperture stop between the front lens unit and the rear lens unit; wherein the front 

55 lens unit, the rear lens unit, and the aperture stop are kx»ted so that the projection optical system is telecentric on the 
first surface side and on the second surface side, and said metiiod using the projection optical system satisfying the 
foltoiwing condition; 



2 



EP1139 138A1 

0.0^ <fSyL< 0.125, 



where tS is a focal (ength of the rear lens unit and L a distance fronn the first surface to the second surface. 

5 [001 1] For accomplishing the foregoing first or second object, a second projection optical system according to the 
present Invention is a dioptric projection optical system for forming an image of a pattern on a first surface, onto a 
second surface by action of radiation-transmitting refractors, comprising three or more lenses having their respective 
refracting powers, wherein when three lenses are selected in order from the first surface side of the lenses having their 
respective refracting powers, at least one surface of the three lenses is of an aspheric shape having a negative refracting 

10 power. 

[0012] For accomplishing the foregoing first or second object, a third projection optical system according to the 
present invention is a dioptric projection optical system for fomiing an image of a pattem on a first surface, onto a 
second surface by action of mdlationtransmitting refractors, comprising a plurality of lenses having their respective 
refracting powers, wherein when two lenses are selected in order from the first surface of the lenses having their 
IS respective refracting powers, at least one surface of the two lenses Is an aspheric surface, and wherein, where Ca Is 
a local, principal curvature near a center of an optical axis of the aspheric surface and Cb is a local, principal curvature 
in the meridional direction of an extreme marginal region of a lens dear aperture diameter of the aspheric surface, the 
following condition holds the aspheric surface has a negative refracting power 

^ CWCa<0.7 b-1; 

on the ottier hand, In ttie present invention, the following condition holds if the aspheric surface has a positive refracting 
power 

25 

Cb/Ca>1.6 b-2. 



[0013] In this Invention, the local, principal cun^ature Ca near the center of the optical axis of the aspheric surface 
30 and the local, principal curvature Cb is In the meridional direction of the extreme marginal region of the lens dear 
aperture diameter of the aspheric surface can be expressed as follows as an example. That is to say, the aspheric 
surface is expressed by the following equation (b-3): 

lWl-(1+K)vV 

where Y is a height of the aspheric surface from the optical axis, z a distance along the direction of the optical axis 
from a tangent plane at ttie vertex of the aspheric surface to the aspheric surface, r a radius of curvature at the vertex, 
40 KB conical coelfident, and A, B, C, D, E, and F aspheric coefficients. 

[0014] With this expression, the local, principal curvatures Ca and Cb are given as follows. 



Ca = 1> (b^) 
Cfe= (D-5) 



50 [001 5] Wrtii increase in the numerical apertures of the projection optical systems and witti increase in the size of the 
Image field, there are increasing demands for minimization of distortion. In order to correct only distortion while sup- 
pressing influence on the other abenrations, it is pr^rable to. place an aspheric surface for correction of distortion at 
a position as dose to ttie object plane (mask) as possible. On this occasion, when the aspheric surface satisfies the 
foregoing condition (b-1 ) or (ki-a), the distortion can be connected well even with increase in the numerical aperture and 

55 with Increase in ttie size of tiie Image field. 

[0016] For accomplishing the foregoing first or second object, a fourth projection optical system according to the 
present Invention is a dioptric projection optical system for forming an image of a pattem on a first surface, onto a 
second surface tiy action of radiation-transmitting refractors, comprising four or more lenses having their respective 
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refracting powers, wtierein when four lenses are selected In order from the first surface of the lenses having their 
respective refracting powers, at least one surface of the four lenses is an aspheric surface, and wherein, where Ca is 
a local, principal curvature near a center of an optical axis of the aspheric surface and Cb is a local, princ^ curvature 
in the meridional direction of an extrenne marginal re^n of a lens dear aperture diam^er of the aspheric surface, the 
5 following condition holds the aspheric surface has a riegalive r^racdng power 

Cti/Ca<0.45 (0-1); 

fo on the other hand, in the present invention, the following condrlion holds if the aspheric surface has a positive refracting 
power 

Cb/Ca>2J3 (0-2). 

15 

[0017] In the present invention, the local, principal curvatures Ca, Cb can be expressed by the atx>ve equations (b- 
4) and {bS) as an example. When the aspheric surface satisfies the foregoing condition (c-1) or (o-2), ttie distortion 
can be corrected well even with increase in the numerical aperture and with increase In the size of the ilfnage field. 
[0018] Foraccomplishingtheforegolngthlrdobject, afifth projection optical system aocordingtothepresent Invention 

20 is a proje(^on optical system for fomriing a reduced ^ge of a pattem on a first surface, onto a second surface, 
comprising: In the order named hereinafter from the first surface side, a first lens unit having a negative refracting 
power; a second lens unit having a positive refracting power; a third lens unit having a negative refracting power; a 
fourtti lens unit having a positive refracting power; an aperture stop; and a fifth lens unit having a positive refracting 
power; wherein the following conditions are satisfied: 

25 . 

-1.3<1/pi <0,and 



^ 0.08 <L1/L< 0.17, 

where p1 is a composite, lateral magnification of the first lens unit and the second lens unit, LI is a distance from 
the first surface to a lens surface closest to the second surface In the second lens unft, and L Is a distance from the 
first surface to the second surface. 

35 [0019] A second fabrication method of a projection optical system according to the present invention is a metiiod of 
fabricating a projectio n optical system for forming a reduced image of a pattem on a first surface, onto a second surface, 
comprising: a step of preparing a first lens unit having a negative refracting power; a step of preparing a second lens 
unit having a positive refracting power; a step of preparing a third lens unit having a negative refracting power; a step 
of preparing a fourth lens unit having a positive refracting power; a step of preparing an aperture stop; a step of preparing 

40 a fiftii lens unit having a positive refracting power; and a step of locating the first lens unit, the second lens unit, the 
third lens unit, the fourth lens unit, the aperture stop, and the fifth lens unit in the order named from the first surface 
side; wherein, where p1 isacomposite, lateral magnification of the first lens unit and the second lens unit, LI adlstanoe 
from the first surface to a lens surface closest to the second surface in the second lens unit, and L a distance from the 
first surface to the second surface, the first and second lens units are prepared so as to satisfy the following condition: 

45 

-1:3<1/p1<0, 

and the first and second lens units are located so as to satisfy the following condition: 

50 

0.08 <L1/L< 0.17. 

[0020] For accompltehing the foregoing third object, a sixth projection optical system according to the present tnven- 
55 tion is a projection optical system for forming a reduced image of a pattem on a first surface, onto a second surface, 
comprising at least one light-transmitting refractor located in an optical path of tiie projection optical system, wherein 
the following condition is satisfied: 
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0.46 <C/L< 0.64. 

where C is a total thickness along the optical axis of the radiation transmitting refractor located in the optical path 
of the projection optical system and L is a distance from the first surface to the second surface. 
[0021] A third fabrication method of a projection optical system according to the present invention is a method of 
fabricating a projection optical system for forming a reduced image of a pattern on a first surface, onto a second surface, 
comprising a step of preparing a first lens unit having a negative refracting power, a step of preparing a second lens 
unit having a positive refracting power, a step of preparing a third lens unit having a negative refracting power, a step 
of preparing a fourth lens unit having a positive refracting power, a step of preparing an aperture stop, a step of preparing 
a fiftti iens unit having a positive refracting power, and a step of locating ttie first lens unit, the second iens unit, the 
third lens unit, the fourth lens unit, the aperture stop, and ttie fiftti iens unit in the order named from the first surface 
side, wherein the first lens unit to the fiftti iens unit are prepared so as to satisfy the following condition: 

0.46 <C/L< 0.64. 

where C is a total thickness ak>ng the optical axis of a light-transmitting refractor located In an optical path of the 
projection optical system and L a distance firom the first surface to the second surface. 

[0022] For accomplishing the foregoing third object, a seventh projection optical system according to the present 
invention is a projection optical system for forming a reduced image of a pattern on a first surface, onto a second 
surface, comprising at least three lens surfaces of aspheric shape, wherein the following conditk>n is satisfied: 

0.15 <Ea/E< 0.7, 

where E is the total number of members having their respective refracting powers among radiatton-transmitting 
refractors in the projection optical system and Ea ttie total number of members each provkied witti a lens surface of 
aspheric shape. 

[0023] A fourth fabrication method of a projection optical system according to the present invention is a method of 
fabricating a projection optical system for f oijning a reduced image of a pattern on a first surface, onto a second surface, 
comprising: a step of preparing light-transmitting members so that at least three surfaces of lens surfaces of the radi- 
ation-transmitting refractors are of aspheric shape and so that the following condition Is satisfied: 

0.15 < Ea/E < 0.7. 

where E is the total number of members having their respective refracting powers among the radiation-transmit- 
ting refractors and Ea the total numt)er of memt>ers each provkied with a lens surface of aspheric shape; and a step 
of assembling the radiation transmitting mennt>erB. 

[0024] A first projection exposure apparatus according to present invention is a projection exposure apparatus for 
projecting a reduced image of a pattem provkied on a projectton master, onto a woricpiece to effect exposure thereof, 
comprising: a light source for supplying exposure light; an illumination optical system for guiding the exposure light 
from the light source to the pattem on the projection master, and the projection optical system being either one selected 
from saki projection systems; wherein the projection master can be placed on the first surface of the projection optical 
system, and the woriqpiece be placed on the second surface. 

[0025] A second projection exposure apparatus according to tiie present invention is a projection exposure apparatus 
for projecting a reduced image of a pattem provkied on a projection master, onto a woriqpiece to effect exposure thereof 
while scanning, comprising: a light source for supplying exposure light; an illumination optical system for guiding the 
exposure light from ttie light source to ttie pattem on the projection masten the projection optical system being eittier 
one selected from said projection optical systems; a first stage for enabling the projection master to be placed on the 
first surface of the projection optical system; and a second stage for enabling the workpiece to be placed on the second 
surface; wherein ttie first and second stages are movable at a ratio of speeds aoconiing to a projection magnification 
of the projection optical system. 

[0026] For accomplishing the foregoing fourth object, a ttiird projection exposure apparatus according to the present 
Invention is a projection exposure apparatus for projecting a reduced image of a pattem provided on a projection 
master, onto a wori<piece to effect exposure thereof, comprising: a light source for supplying exposure light In a wave- 
lengtti region of not nrore than 1 80 nm; an illumination optical system for gukiing the exposure light from ttie light source 
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to the pattern on the projection nnasten and a proje<^'on optical system located in an optical path between the projection 
master and the worfcpiece, the projection optical system guiding 25% or more by quantity of the exposure light having 
passed through the projection nnaster, to the workpiece to fbnn the reduced image of the pattern on the worfcpiece. 
[0027] A first projection exposure method according to the present invention is a projection exposure method of 
projecting a pattern formed on a projection master, onto a worfcpiece ta effect exposure thereof, whk:h uses the pro- 
jection exposure apparatus being either one of the projection exposure apparatus, wherein the projection master is 
placed on the first surface and the worfcpiece is placed on the second surface, and wherein an image of the pattern is 
formed on the worfcpiece through the projectk)n optical sy^em. 

[0028] A fourth proje<^on exposure apparatus and a second projection exposure nnelhod according to the present 
invention are a projection exposure apparatus and a projection exposure method for projecting a reduced image of a 
pattem provided on a projection master, onto a worfcpiece to effect exposure thereof, whk:h comprise: a light source 
for supplying exposure light in a wavelength region of not more than 200 nm; an illumination optical system for guiding 
the exposure light from the light source to the pattem on the projection masten and a projectk)n optical system fc)cated 
in an optical path between the projection master and the worfcpiece, the projection optical system gufcling the exposure 
light having passed through the projection master, to the worfcpiece to form the reduced image of the pattem on the 
worfcpiece; wherein the following condition is satisfied: 

(En4/En3) > (En2/En1) 

where Enl is a quantity of the exposure light traveling from the light source to the iilumination optical system, 
En2 a quantity of the exposure light traveling from the iilumination optical system to the projection master, En3 a quanti^ 
of the exposure light entering the projection optical system, and En4 a quantity of the exposure light emerging from 
the projection optical system toward the worfcpiece. 

[0029] A first mfc:rodevfc:e fabrfc^ation method according to the present invention is a method of fabricating a mk:ro- 
device having a predetemiined circuit pattem, comprising: a step of projecting an Image of the pattem onto the worfc- 
piece to effect exposure thereof, using the foregoing exposure method; and a step of devebping the woriq>iece after 
the projection exposure. 

[0030] Next, for accomplishing the foregoing first or second object, a fifth projection exposure apparatus according 
to the present invention is a projection exposure apparatus for projecting a pattem on a projection master onto a 
woricpiece to effect exposure thereof, comprising: an illumination optical system for supplying exposure light of a wave- 
length of not more than 200 nm to the projection master; and a projection optical system for forming an image of the 
pattem on tiie projectk)n master, at a predetemnined projection magnification p on the wortcpiece; wherein the projection 
optical system comprises an aperture stop, a front lens unit located between the aperture stop and the projection 
master, and a rear lens unit located b^ween the aperture stop and the wori(piece, wherein, where y (kg) represents 
a translated amount of fiuorite of a disfc mennt)er from an amount of ftuorite among light-transmitting optical materials 
In tiie projection optical system, f2 (mm) represents afocal length of the rear lens unit, and NAw represents a maxbmurh 
numerical aperture on the im^e side of the projection optical system, and where a param^er x is d^ned as folkwvs: 

x = f2.4ipi.NAw^ 

the foik)wing conditions are satisfied: 

y g4x-200. 



ys (4x/13) + (1000/13), 



y^4x-440, 

and 

y^O. 
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[0031] A sixth projection exposure apparatus according to the present invention is a scanning projection exposure 
apparatus for projecting a pattern on a projection master onto a workpiece to effect exposure thereof while scanning, 
comprising: an iliumination optical system for supplying exposure light of a wavelength of not more than 200 ran to the 
projection master; and a projection optical system for fonning an image of the pattem on the projection master, at a 
5 predetennined projection magnification p on the workpiece; wherein therprojection optical system comprises an aper- 
ture stop, a front lens unit located between the aperture stop and the projection master, and a rear lens unit located 
between the aperture stop and the workpiece. wherein, where y (kg) represents a translated amount of fluorite of a 
disk member from an amount of fluorite among light-transmitting optk»l materials in the projectton optk»l system, f2 
(mm) a focal length of the rear lens unit, and NAw a maxfanimi numerical aperture on the bmage sMe of the projectfon 
.10 optical system, and where a parameter X is defined as foOows: 

x = l2.4ipi-NAw^; 

15 the fotk>wing conditions are satisfied: 

yS4x-200, 



y^(4x/13)t (1000^13), 



y ^ 4x - 440, 

and 

y S 0, 

30 

[0032] A seventh projec^n exposure apparatus according to the present invention is a projection exposure appa- 
ratus for projecting a pattem on a projection master onto a workpiece to effect exposure thereof, comprising: an iliu- 
mination optical system for supplying exposure light of a wavelengtii of not more than 200 nm to the projection master; 
and a projection optical system for fonning an image <^ tiie pattem on ttie projection master, at a predetermined pro- 
as jection magnifteation p on the workpiece; wherein the projectfon optical system comprises an aperture stop, a front 
lens unit located between the aperture stop and the projection master, and a rear lens unit kx:ated between the aperture 
stop and ttie workpiece, wherein, where y (kg) represents a translated anK>unt of fluorite of a disk member from an 
amount of fluorite among light-transmitting optical materials in the projection optical system. f2 (mm) a focal length of 
the rear lens unit, and NAw a maxinuim numerical aperture on the image side of the projection optical system, and 
40 where a parameter x is defined as fbltows: 

x = 12.4lpi.NAw^; 

45 tile folkiwing conditions are satisfied: 

y g (9x/2)-270. 



yg (9X/2)- (855/2), 

55 

and 
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[0033] An eighth projection exposure apparatus according to the present invention is a projection exposure apparatus 
for projecting a pattern on a projection nnaster onto a workpiece to effectexposure thereof, comprising: an lllumlnaaon 
optical system for supplying exposure light of a wavelength of not more than 200 nm to the projection master; and a 
projection optical system for fonning an image of the pattern on the projection master, at a predetermined p>rojectton 
magnification p on the worlcpiece; wherein the projection optical system comprises an aperture stop, a front lens unit 
located t>etween the aperture stop and the projection master, and a rear lens unit located between the aperture stop 
and the workpiece, wherein, where y (kg) represents a translated amount of a first material of a disk member from an 
amount of the first material anwng light-transmitting optteal materials in the projection optical system, fZ (mm) repre- 
sents a focal length of the rear lens unit, and NAw represents a maximum numerical aperture on the image side of the 
projection optical system, and where a parameter x is defined as follows: 

x = f2.4lpl-NAw^; 

the following conditions are satisfied: 

y^4x-200, 



yg(4x/13) + (1000^13), 



y^4x-440, 

and 

y S 0. 

[0034] Next, for accomplishing the foregoing first or second object, a third projectton exposure method according to 
the present invention is a projection exposure method of projecting a pattern on a projection master onto a workpiece 
to effect exposure thereof, comprising: an illumination step of supplying exposure light of a wavelengtii of not nrwre 
than 200 nm to the projection master, and an image forming step of forming an image of the pattem on the projection 
master, at a predetermined projection magnifk»tk>n p on the workpiece, using a projection optical system comprising 
a front lens unit, an aperture stop, and a rear lens unit; wherein the ffnage fonming step comprises a first auxiliary step 
of guiding the light from the projection master to the front lens unit, a second auxiliary step of guiding the light passing 
through the front lens unit, to the aperture stop, a third auxiliary step of guiding the light passing through the aperture 
stop, to the rear lens unit, and a fourtti auxiliary step of forming the Image of the pattem on the woricpiece, using the 
light passing through the rear lens unit, wherein, where y (kg) represents a translated amount of fluorite of a disk 
member from an amount of fluorite among light-transmitting optical materials in the projection optical system, 12 (mm) 
represents a focal lengtti of the rear lens untt, and NAw represents a maxnmum numerical aperture on the image skle 
of the projection optical system, and v4iere a parameter x is defined as foDows: 

x=:t2-4ip!.fslAw^; 

the foltowing conditions are satisfied: 

y^4x-200. 



y£(4x/13) + (1000^13), 
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yg4x-440, 

and 

[0035] A fourth projection exposure method according to the present invention is a projection exposure method of 
projecting a pattern on a projection master onto a workpiece to effect exposure thereof, comprising: an illumination 
step of supplying exposure light of a wavelength of not more than 200 nm to the projection master; and an Image 
forming step of fonming an image of the pattem on the projection master, at a predetenmined projection magnification 
P on the workpiece, using a projection optical system comprising a front lens unit, an aperturo stop, and a rear lens 
unit; wheroln the image fonming step comprises a first auxiliary step of gukJing the light from the projection master to 
the front lens unit, a second auxiliary step of guiding the light passing through the front lens unit, to the aperture stop, 
a third auxiliary step of gukJing the light passing through the aperture stop, to the rear lens unit, and a fourth auxiliary 
step of fonnlng the image of tiie pattem on the workpiece, using ttie light passing tiirough tiie rear lens unit, wherein, 
where y (kg) represents a translated amount of a first material of a disk member from an amount of tiie first material 
among nght-transmltting optical materials in the projection optical system, fZ (mm) represents a focal lengtii of the rear 
lens unit, and NAw represents a maximum numerical aperture on the image side of the projection optical system, and 
where a parameter X is d^ned as follows: 

x=:f2-41plNAw^; 

the following ooncfitions are satisfied: 

y ^ 4x - 200, 
y£(4x/13)-i- (1000/13), 



yS4x-440, 

and 

y^O. 

[0036] Next, a fabrication method of projection exposure apparatus according to the present Invention is a metiiod 
of fabricating the fifth, sixth, or seventh projection exposure apparatus of the present Invention, comprising a step of 
preparing an illumination optical system for supplying exposure light of a wavelength of not more than 200 nm to the 
projection master; and a step of preparing a projection optical system for forming an Image of the pattem on the pro- 
jection master, at a predetenmined projection magnifk:ation p on the wortcpiece; wherein the step of preparing tiie 
projection optical system comprises an auxiliary step of preparing a front lens unit, an aperture stop, and a rear lens 
unit, an auxiliary step of kx»ting the front lens unit between positions where the aperture stop and the projection master 
are k>cated respectively, and an auxiliary step of locating the rear lens unit between positions where the aperture stop 
and the woriqpiece are located respectively 

[0037] Next, a second mk:rodevice fabricatk>n method of the present invention is a method of fabricating a microde- 
ynce having a predetemiined circuit pattem, comprising: a step of projecting an image of the pattem onto the workpiece 
to effect exposure thereof, using the third or fourth projection exposure method jof the present invention; and a step of 
developing the workpiece after the projection exposure. 

[OOaq Next, for acconiplishing the foregoing first or second object, an eighth projection optical system of tiie present 
invention is a dioptric projection optical system for fomiing an Image of a pattem on a firet surface, on a second surface, 
using light of a wavelengtii of not more than 200 nm, comprising: an aperture stop; a front lens unit k)cated between 
the aperture stop and the first surface; and a rear lens unit located between the aperture stop and the second surface; 
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wherein, where y (kg) represents a translated amount of fluorite of a disk mennber from an amount of ftuorfte among 
light-transmitting optical materials In the projection optkxd system. f2 (mm) a focal length of the rear lens unit, p a 
projection magnifk:ation of the projection optical system, and NAw a maximum numerical aperture on the image side 
of the projection optical system, and where a parameter x is defined as foliows: 

5 - 

x = e.4ipi.NAw^ 

the foltowing concBtions are satisfied: 

10 



y^4x-200, 



y^ (^13) 4- (1000/13), 



y^4x-440, 

20 and 

ygO. 

25 [0039] A ninth projection optk:al system according to the present invention is a dioptric projection optical system for 
fomning an image of a pattern of a first surface on a second surface, using light of a wavelength of not more than 200 
nm, comprising: an aperture stop; a front lens unit located t>etween the aperture stop and the first surface; and a rear 
tens unit k)cated between the aperture stop and the second surface; wherein, where y (kg) represents a translated 
amount of a first material of a disk memtier from an amount of the first material among Ught-transmitting optical materials 

30 in the projection optical system, f2 (mm) represents a focal length of the rear lens unit, p a projection magnifk»tk>n of 
the projection optical system, and NAw repjesents a nraximum numerical aperture on the image sMe of the projection 
optical system, and where a parameter x is defined as follows: 

35 x=rfi2.4ipi.NAw^: 



40 



the following conditions are satisfied: 

yg4x-200. 
yg(4x/13) -I- (1000^13). 



45 



50 



y ^ 4x - 440, 

and 

y^O. 



[0040] Frfth and sixth fabricatk)n methocte of a projection optk»l system according to the present invention are meth- 
ods of fabricating the eighth and ninth projection optical systems, respectively, of the present invention, which comprise 
55 a step of preparing a front lens unit, an aperture stop, and a rear tens unit, a step of locating the front lens unit t)etween 
the aperture stop and the first surface, and a step of locating the rear lens unit between the aperture stop and the 
second surface. 



10 



EP1139138A1 



Brief Description of the DraMrtngs 

[0041] Rg. 1 is an optical path diagram of a projection optical system according to a first numerical example of the 
present invention. Rg. 2 is an optical path diagram of a projection optical system according to a second numerical 

5 example of the present Invention. Rg. 3 is lateral aberration charts of the projection optical system of the first numerical 
example. Rg. 4 is lateral abenBtion charts of the projection optical system of the second numerical example. Rg. 5 Is 
a drawing to show the schematic structure erf a projection exposure apparatus according to an embodiment of the 
present invention. Rg. 6 is a flowchart to show an example of microdevice fabrication method of the present invention. 
Rg. 7 is a flowchart to show anotiier example of microdevice fabrication mettiod of the present Invention. In Rg. 8, (a) 

10 is a diagram to show the relation between parameter x and fhiorfte use amount y in embodiments of the fifth projection 
optical system of the present invention, and (b) is a view to show the relation between a tens and a disk memt>er. Rg. 
9 is a chart to show the relation between parameter x and use amount y of a first material in embodiments of the sixth 
projection optical system (rf the present invention. Rg. 10 is an optical path diagram of a projection optical system 
according to a third numerical example of the present invention. Rg. 1 1 is an optical path diagram of a projection optical 

f5 system according to a fourth numerical example of the present invention. Rg. 12 Is an optical path diagram of a pro- 
jection optical system according to a fifth numerical example of the present invention. Rg. 1 3 is an optical path diagram 
of a projection optical system according to a sixth numerical exanr^le of the present invention. Rg. 14 is an optical 
path diagram of a projection optical system according to a seventh numerical example of the present invention. Rg. 
15 is lateral at)emition charts of the projection optical system according to the third numerical example of the present 

20 invention. Rg. 1 6 is lateral aberration charts of the projection optical system according to the fourth numerical example 
of the present invention. Rg. 17 is lateral aberration charts of the projection optical system according to the fifth nu- 
merical example of the present invention. Rg. 1 8 is lateral aberration charts of the projection optical system according 
to the sixtti numerical example of the present invention. Rg. 19 is lateral aberration charts of the projection optical 
system according to the seventh numerical example of the present invention. Rg. 20 is lateral aberration charts of a 

25 projection optical system according to an eighth numerical example (the second numerical example) of the present 
invention. 

Best Mode for Carrying out the Imrention 

30 [0042] Preferred embodiments of the present Invention will be described with reference to the drawings. F^. 1 and 
Rg. 2 are optical patii diagrams of projectioQ optical systems (which will be also refened to as "projection optical system 
PL") according to examples of embodied forms of the first to seventh projection optical systems of the present Invention. 
. [0043] In Rg. 1 and Fig. 2, the projection optical s^em PL of the present invention is a dioptric projection optical 
system for imaging a reduced image of a pattern on a first surface A, onto a second surface B. The projection optical 

35 system PL has a front lens unit GF of a positive refracting power and a rear lens unit GR of a positive refracting power. 
An aperture stop AS is located in the vidnity of a rear focal point of the front lens unit GF. The position of the aperture 
stop AS does not always have to be limited to the paraxial, rear focus position of the front lens unit GF. For example, 
where there exists the field curvature of the pupy of the projection optical system PL, a vignetting (eclipse) difference 
can occur in the image field with change in the aperture diam^er of the aperture stop AS. In order to prevent or reduce 

40 this vignetting difference, there are also cases wherein the position of the aperture stop AS is set to a position off the 
paraxial, rear focal point of the front lens unit GF (e.g., on the rear lens unit side from the paraxial, rear focal point). 
The aforementioned "vicinity of the rear focal poinf is thus a concept also involving such off positions. In such cases, 
the rear lens unit GR (fiftii lens unit) represents an assembly of a group of lenses located from the paraxial pupfl position 
of the projection optical system PL to the second surface. 

45 [0044] In ttie examples of Rg. 1 and Rg. 2, the aperture stop AS is located between the front lens unit GF and the 
rear lens unit GR. 

[0045] The front lens unit GF has a first lens unit G1 of a negative refracting power, a second lens unit G2 of a positive 
refracting power, a third lens unit G3 of a negative refracting power, and a fourth lens unit of a positivefefracting power 
in the order nanned from the first surface side. Accordingly, the projection optical system PL of the present invention 
50 is also a projection optical system of a five-unit configuration consisting of the first lens unit G1 to fifth lens unit G5 of 
the negative, positive, negative, positive, and positive refracting powers. 

[0046] The projection optical system PL accorcfing to the ennbodiments of F^. 1 and Rg. 2 is an optical system 
substantially teiecentric on the first surface A side and on the second surface B side. Here "sut>stantially telecentric 
on the first surface side and on the second surface side* means that when a ray parallel to the optical axis Ax of the 
55 projection optical system is made incident from the second surface B side into the projection optical system PL, an 
angle between the optical axis and this ray as emitted toward the first surface, is not moro than 50 minutes. 
[0047] In the projection optical system of each embodiment, constructed in this way, even if there occurs a positional 
deviation in the direction along the optical axis of a reticle (mask) as a projection master or a photosensitive sulsstrate 
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(a wafer, a plate, or the like) as a workplece, or a change of shape due to warped or the like of these projection master 
and workpiece, it is feasible to control the magnification error and dtetortion of the image due to them to a small level. 
[004q In the projectton optk»l system of each emtxxliment, the folkiwing condition is preferably satisfied: 

^ 0.065 <f2^< 0.125 (1). 

where f2 represents the focal length of the rear lens unit GR (or the fifth iens unit G5) and L the distance from 
the first surface A to the second surface B (object-image distance). 

10 [0049] The above condition (1 ) is a formula defined for reducing chromatk: aberration of the projection optk:al system, 
partk:ularly, axial chromatic abenratk>n. In the range below the lower limit of Conditbn (1), the focal length of the rear 
lens unit GR (or the fifth lens unit G5) becomes too short. For this reason, the rear lens unit GR (or the fifth tens unit 
G5) produces extremely smaO quantity of axial chromatk: abermtton but too large monochromatk: aberrations, whteh 
are too difficult to correct, undesirably. For further satisfactory correction of the monochromatto aberratk>ns except for 

IS the chromatk: aberration, it is preferable to set the k>wer limit of Condition (1 ) to 0.075, €ind for t>etter correction of the 
monochromatb aberrations, it is more preferable to set the lower limit of Condftk3n (1) to 0.09. . . 
[0050] In the range above the upper limit of Condition (1 ), the focal length of the rear iens unit GR (or the fifth lens 
unit G5) becomes too k>ng. in this case, while the correctton of the monochromatte abenrations can be made well, the 
rear lens unit GR (or the fifth iens unit G5) undesirably produces large axial chromatic at>enBtk)n. In this case, It Is 

20 necessaiy to narrow the wavelength band of the exposure light from the light source or add a refracting optica) memt>er 
for con^on of (^romatk: aberration to the projection optk:al system PL, whk:h is likely to increase the loads oh the 
light source or increase the cost of the projectton optk»l system PL. For further suppressing occurrence of axial chro- 
matk: abennatton of the projectton optk»i system, it is thus preferable to set the upper limit of Condition (1) to 0.12. 
[0051] When the exposure 1^ is one of not more than 180 nm, only limited kinds of radiatton-transmitting refractors 

25 can transmit the exposure light in this wavelength region and thus there is the possibility that the projection optteal 
system PL itself can not be established in the remge over the upper limit of Condition (1). 

[0052] in the above structure, the projection optk:ai system PL preferably has at least one surface of aspheric shape, 
ASP1 to ASP6. When Condition (1 ) holds, It is further preferable to construct the projection optteal system PL so that 
It Is provided with at least six lenses having their respective refracting powers and so that when six lenses are selected 
30 In order from the first surface A skle (lenses L11 , LI 2. L21 , 122, 123, and L24 In Rg. 1 and Rg. 2) of the lenses having 
their respective refracting powers, at least one surface of the six lenses is of an aspheric shape having a negative 
r^racting power. * 

[0053] Descn'bing this actk>n, It is common practice to measure the aspherfe surfaces by the Null Test using an 
element that makes a specific wav^rbnt, so called a null lens or the like (which will be called a "null elemenr). For 
35 making a wav^ront nnatching an aspheric surface to be inspected, by a null element, the aspheric surface belter has 
a negative refracting power or is concave, because it can prevent increase of the size of the null element and Increase 
degrees of freedom for the wavefront of the aspheric shape to k>e nrtade. 

[0054] if Conditton (1) does not always hold, it is preferable to construct the projection optical system PL so that it 
Is provided witti at iea^ three lenses having their respective refracting powers and so that when three lenses are 

40 selected In order from the first surface A skle (lenses L11 , L12. and L21 in Fig. 1 and Rg. 2) of the lenses having their 
respective refracting powers, at least one of the three lenses is of an aspheric shape having a negative refracting 
power. In this case, for making a wavefront matching an aspherk: surface to t>e inspected, by a null element for the 
null test, it is better for the aspheric surface to have a negathre refracting power, i.e., to be concave, because it can 
prevent the increase of the size of the null element and increase degrees of freedom for the wavefront of the aspherk; 

^ shapetobemade. 

[0055] As described previously, the projection optical system PL of each emkx>diment has the power layout of the 
negative, positive, negative, positive, and positive refracting powers, and thus has the advantage of largely decreasing 
the number of > lenses, as compared with the conventional projection optcal systems of the 6-unit ccffifiguration having 
the power layout of positive, negative, positive, negative, positive, and positive refracting powers. 

50 [0056] In the projection optical system PL of each embodiment, let us conskier a composite optical system of the 
negative, first lens unit G1 and the positive, second lens unit G2, and let pi be a lateral magnificatton of this composite 
optical system (a composite lateral magnifk:ation of ttie first and second lens units G1 , G2), LI t)e a distance from the 
first surface A to the lens surf^^e closest to the second surface B in the secondlens unit G2, and L be a distance from 
the first surface A to the second surface B. Then the projection optical system preferably satisfies the following condi- 

55 tions(2)and(3). 

-1.3<1/p1<0 (2) 
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0.08 <LiyL< 0.17 (3) 

[0057] The above condition (2) is a condition defined for acconnplishing good aberration correction in the entire field 
5 (the entire knage field) of the projection optical systenvPl» As apparentfrom Condition (2), the connposite optical system 
of the first and second lens units G1 , G2 in the projection optical system PL of each embodinnent, converts a dhrerging 
beam from the first surface A into a sOghtly converging beam. 

[0058] In the range below the lower limit of Condition (2). the beam converging action in this composite optical system 
G1, G2 becomes too strong, so as to increase aberation, particularly, aberration concerning angles of view, which 
10 undesirably maJces it drfficuit to ensure the sufficient image field of the projection optical system PL For further sup- 
pressing occurrence of the aberratipn concerning angles of view, it is preferable to set the lower Ifrnit of Condition (2) 
to -1.10. 

[0059] In the range above the upper limit of Condition (2) on the other hand, the negative refracting power of the first 
lens unit G1 becomes too weaic, so as to degrade the Petzval sum of ttie projection optical system Pl^ which undesirably 

15 malces it difficult to ensure tiie sufficient image field of tiie projection optical system PL For better correction of the 
Petzval sum of the projec^on optical system PU it Is pr^erable to set the upper limit of Condition (2) to - 0.42^ 
[0060] Condition (3) is a formula as a premise of above Condition (2) and defines the position of the composite optical 
system Q1 , G2 of the first and second lens unte. It is preferable herein to set the lower limit of Condition (3) to 0.1 and 
the upper limit of Condition (3) to 0.15. 

20 [0061] The composite optical system G1 , G2 of the first andsecond lens units preferably has at leasttwo lens surfaces 
of aspheric shape, ASP1 to ASPS. It is feasble to con^ field curvature, distortion, spherical aberration of pupH, eto. 
well by the action of the aspheric surfaces ASP1 to ASP3 in this composite optical system G1 , G2. 
[0062] The composite optical system G1 , G2 of the first and second lens units is pnsferably composed of ten or less 
lenses. This configuration makes it feasible to ensure the transmittance of the projection optical system PL. reduce 

25 oocunrence of flare, and decrease the cost in production. 

[0063] The projection optical system PL of each embodirrient pr^erably satisfies the following condition: 

0.46 < C/L < 0.64 (4), 

.30 

where C is a total thickness along the optical axis of radiation-transmitting refractors (lenses and parallel-plane 
plates) located in the optical path of the projection optical system PL and L the distance from the first surface A to the 
second surface B. 

p)064] The above condition (4) is a formula defined in order to achieve tM>th the satisfactory transmittance of the 
35 projection optical system PL and the stable Inriagingperfontiance of the projection optical sys 

[0065] in the range below the kywer limit of the atxyve conditk>n (4), spadngs of gas between the mdiation-transmitting 
refractors making ttie projection optical system PL become too long, so tiiat variation in the properties of this gas (e. 
g., occurrence of variation of refractive index due to temperature variation, pressure variation, occurrence of 
fluctuation, and so on) can undesirably cause variation of the imaging perfomnance. in order to furttier Improve the 
40 stabili^ of the imaging perfomnance against the environmental variations, it is preferalHe to set the kiwer limit of Con- 
dition (4) to 0.52. 

[0066] In the range over the upper limit of the above condition (4), while improvement is made in the resistance of 
the projection optical system PL against ttie environmental variations, it undesirably becomes difffcult to yieW the sat- 
isfactory transmittance. In order to further ensure the satisfactory transmittance. It Is preferable to set the upper limit 

45 Of Condition (4) to 0.625. 

[0067] In ttie structure satisfying the above condition (4), the projection optical system PL preferably has at least one 
aspheric surface, ASP1 to ASP6. This makes It feasible to suffteientty enhance the Initial bmaging performance and 
ensure the satisfactory transmittarK» and the^stability against the environrr^^ ^ ~ '^tiii^ 

[0068] The projection optical system PL of each embodiment preferably has at least three lens surfaces of aspheric 

50 shape, ASP1 to ASP6. This structure permits good aberration correction to be made across the entire field (the entire 
Image field) under the configuration including the relatively small number of lenses (i.e., amount of glass). 
[0069] It is, however, noted that it is not pr^erable to Increase the niffntier of the aspheric lensf surfaces ASP1 to 
ASP6 more than necessary, and the f oikMwing condition Is preferatHy satisfied:. 

^ 0.15 <Ea/E< 0.7 (5). 

where E Is the total nunnt>er of memtters having their respective refracting powers (lens etements) among the 



13 



EP1139138A1 



radiation-transmitting refractors in the projection optical system PL and Ea the total number of menters provided with 
the aspheric lens surfaces ASP1 to ASP6. 

IPOTO] The atxyve condition (5) is af ormuia for defining the optimum range of the numt)er of the aspheric lens surfaces 
ASP1 to ASP6 in consideration of production of the projection optical system PL. The degree of difficuity in production 

5 of the aspheric lenses is higher than that of sphericaMenses and there are tendencies to malce large eccentric errors 
between front and bade surfaces of the aspheric lenses, and large errors of profile irregularity. Accordingly, in production 
of the projection optical system PL, it is preferable to optimize the imaging perfomnance of the projection optical system 
PL, by compensating for the enrors of the aspheric lenses by adjusting the position and posture of the spherical tenses 
and adjusting the surface profiles of the spherical lenses. 
,. 10 [0071] In the range over the upper limit of the above condition (5), the aben^tion appears too large due to the errors 
of the aspheric lens surfaces ASP1 to ASP6 and the numt»er of spherical lenses is also small, so that it becomes 
difficult to correct the abenation due toihe errors of the aspheric surfaces ASP1 to ASP6 by the adjustment of the 
position and posture and the adjustment of the profiles of the spherical lenses. For further facOitating the production 
of the projection optical system PL, it is preferable to set the upper limit of Condition (5) to 0.42. 

15 [0072] In the range below the lower limit of the above condition (5) on the other hand, while the number of the aspheric 
ler)S surfaces is small and the production of the projection optical system PL is easy, it becomes difficult to implement 
good aberration conection across the entire field (the entire Image field) and the amount of necessary glass materials 
is increased for production of the projection optical system PL, undesirably. In order to implement b^er Bbenation 
con^on and decrease the amount of glass, it is preferable to set the lower l^it of Condition (5) to 0.2. 

20 [0073] in the projection optical system PL of each embodiment, the total number of the members having their re- 
specie refracting powers (lens elements) among the radiation-transmitting refractors maldng the projection optical 
system PL, is preferably not less than 16. This makes it feasible to increase the numerical aperture on the image side 
(on the second surfoce B side) of the projection optical system PL and Implement projection exposure of finer patterns. 
When the above condition (5) is met and when the total number of the lens elements is not less than 1 6, there is the 

25 advantage of ensuring the sufficient number of spherical lenses for coning the attenuation due to the enors of the 
aspheric lenses. 

[0074] In the projection optical system PL of each embodiment, the total numt)er of the members having their re- 
spective refraGting powers (lens elements) among the radiation-transmitting refractors maldng the projection optical 
system PL, is preferably not more than 26. This is effective in increasing the transmittance because of decrease In 
30 thickness of the radlatfon-transmitting refractors making the projection optical system PL. In addition, It decreases the 
number of optical interfaces (lens surf aces),and thus decreases fosses In quantity of light at the optical interfaces, thus 
increasing the transmittance of the entire system. 

[0075] in the embodiment of Fig. 1 , the radiation-transmitting refractors in the projection optical system PL are made 
of a single kind of material. This pennlts reduction in the production cost of the projection optical system PL. In partteular, 
35 When the projection optical system PL is optimized for the exposure light of not more than 1 80 nm, the above construc- 
tion is effective, because there are only limited glass materials with good transmittance for the exposure light in this 
wavelength region. 

[0076] In the embodiment of Rg. 2, the radiation-transmitting refractors in the projection optical system PL include 
first radiation-transmitting refractors made of a first material and second radiation-transmitting refractors made of a . 
40 second material. In this case, a percentage of the number of the second radiation-transmitting refractors to the number 
of the members having their respective refiracting powers among the radiation-transmitting refractors, is preferably not 
more than 32%. 

[0077] In partk^lar, when the exposure light is one in the vacuum ultraviolet region of not more than 200 nm, materials 
are limited to some kinds of glass materials with good transmittance for the exposure light in this wavelength region. 

45 These glass materials also Involve those requiring high production cost and high machining cost for formation of lens. 
Conceming the above high-cost glass materials, it is difficult to enhance the accuracy in processing into lenses and it 
is a drawback In seeking for higher accuracy of the projection optical system PL, i.e., higher imaging perfomnance. 
Frohri mis viewpoimrwhen me prdf«J^^^ and when -^-ftsrf 

the above pementage is controlled to not more than 32%, it is feasible to achieve both reduction of production cost 

50 and Improvement In ttie imaging performance. The above percentage Is preferably not more than 16% and more 
pr^erably not more than 11%. 

[0078] Numerical embodiments will be descrit>ed befow. 

[0079] Fig. 1 is the optical path diagram of the projection optical system PL £Kx:ordlng to the first embodiment. 
[0080] The projection optical system PL of ttie first embodiment uses the wavelength of 157.62 nm supplied from 
55 the k>and-narrowed F2 laser, as a reference wavelengtti and the chromatic aberration is corrected in the range of the 
wavelength band ±0,2 pm for the reference wavelength. In the first en4)odlment, all the radiation-transmitting refractors 
(lenses L11 to L57) in the projection optical system PL are made of fluorite (calcium fiuoride, CaFg). 
[0081] As shown in Fig. 1 , the projection optical system PL of the first embodiment has the front lens unit GF of the 
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positive refrac^ng power, the aperture stop AS, and the rear lens unit GR of the positive refracting power in the order 
named from the first surface A side. According to another grouping, the pfDjection optical system PL of the first em- 
bodiment has the negative, first lens unit G1 , the positive, second lens unit G2, the negative, third lens unit G3, the 
positive, fourth lens unit G4, the aperture stop AS, and the positive, fifth lens unit G5 in the order named from the first 
5 surface A side. 

[0082] The first lens unit G1 has a negative lens L1 1 of the biconcave shape and a negative lens LI 2 of the meniscus 
shape with a concave surface facing to the first surface A side, and these negative lenses L1 1, LI 2 malce a gas lens 
of the biconvex shape. Here the lens surface on the first surface A side of the negative lens L11 and the lens surface 
on the second surface B side of the negative lens LI 2 are constructed in the aspheric shape. 

10 [0083] The second lens unit G2 has four positive lenses 1.21 to L24 of the biconvex shape. Here the lens surface on 
the first surface A side of the positive lens L24 closest to the second surface B is constructed in the aspheric shape. 
[0084] The third lens unit G3 has three negative lenses L31 to L33 of the biconcave shape and these negative lenses 
L31 to L33 make two gas lenses of the biconvex shape. Here the lens surface on the second surface B side of the 
negathfe lens L33 closest to the second surface B is constructed in the aspheric shape. 

15 [0085] The fourth lens unit G4 has two positive lerisesL41, L42 of the meniscus shape with a concave shape fad 

to the first surface A side, and a positive lens L43 of the biconvex shape in the order named from the first surface A side. ... 
[0086] The fifth lens unit G5 has a negative lens L51 of the biconcave shape, two positive lenses L52, L53 of the 
biconvex shape, three positive lenses Ij54 to L56 of the meniscus shape with a convex surface facing to the first surface 
A side, and a positive lens IS7 of the planoconvex shape. Here the lens surface on the second surface B side of the 

20 positive lens L56 is constmcted in the aspheric shape. 

[0087] Fig. 2 is the optical path diagram of the projection optical system PL according to the second emt>odiment. 
[0088] The projection optical system PL of the second embodiment uses the wavelengtti of 193.306 nm supplied 
from the band-narrowed ArF laser, as a reference wavelengtti and Implements correction for chromatic aberration in 
the range of the wavelength band ±0.4 pm for the reference wavelength. In the second emk>odiment the radiation- 

25 transmitting refractors in the projection optical system PL are made of silica glass (synthetic 

[0089] As shown in Rg. 2. the projection optical system PL of the second embodiment has the front lens unit GF of 
the positive refracting power, the aperture stop AS, and the rear lens unit GR of the positive refracting power in the 
order named from the first surface A side. According to another grouping, the projection optical system PL of the first 
emk)odiment has the negative, first lens unit G1 , the positive, second lens unit G2, the negative, third lens unit G3, the 

30 positive, fourth lens unit G4. the aperture stop AS, and the positive, fifth lens unit G5 In the order named from the first 
surface A side. ^ 

[0090] The first lens unit G1 has a negative lens L1 1 of the biconcave shape and a negative lens LI 2 of the meniscus 
shape with a concave surface facing to the first surface A side, in the order named from the first surface A side, and 
these negative lenses L11 . L12 make a gas lens of the biconvex shape. Here the lens surface on the second surface 

35 B side of the negative lens L11 and the ienssurfece on the second surfaces side of the negative iensL12 are con- 
structed in the aspheric shape. These two negative lenses L11 , L12 are made both of silica glass. 
[0091] The second lens unit G2 has three positive lenses l2^ to L23 of the biconvex shape and a positive lens L24 
of the meniscus shape with a convex surface facing to the first surface A side, in the order named from the first surface 
A side. Here the lens surface on the second surface side of the positive lens 1^1 closest to the first surface A Is 

40 constructed in the aspheric shape. In the secorKj lens unit G2, the three, biconvex, positive lenses 1-21 to 123 are made 
of silica glass, and the positive lens L24 of the meniscus shape is of fiuorite. 

[0092] The third lens unit G3 has three negative lenses L31 to L33 of the biconcave shape, and ttiese negative lenses 
LSI to L33rnaiQe two gas lenses of the biconvex shape. Here the lens surface on the first surface A side of the negate 
lens L33 closest to the second surface B is constmcted in the aspheric shape. AH the negative lenses L31 to L33 in 

45 the third lens unit G3 are made of silica glass. 

[0093] The fourth lens unit G4 has a positive lens L41 of the meniscus shape with a concave shape facing to the 
first surface A side, a positive lens L42 of the planoconvex shape with a convex surface facing to the second surface 
. — B'side,'~and a positive len8-L43-of th&<rrmniscus shape with a convex surface facing to the first surface A side. In the <tvn*^- 
order named from the first surface A side. Here the three positive lenses L41 to L43 are made all of silica glass. 

50 [0094] The fifth lens unit G5 has a negative lens LSI of the meniscus shape witii a conv^ surfece facing to ttie first 
surface A side, a positive lens 152 of tiie biconvex shape, four positive lenses L53 to L56 of ttie rnenlacus shape witii 
a convex surface facing to the first surface A side, and a negative lens L57 of the planoconcave shape with a concave 
surface facing to the first surface A side, in the order named firom the first surface A side. Here the lens surface on the 
second surface B side of the negative lens Lj51 of the meniscus shape and the lens surface on the second surface 

55 side of the positive lens LS6 of the meniscus shape are constructed in the aspheric shape. In the fiftti ieiis unit G5, the 
positive lens LS2 of the biconvex shape is made of fiuorite and the rest lenses 1^1 , L53 to LJ57 are of silica glass. 
[0095] When tiie silica glass (syntiietic quartz) and fiuorite are used as lens materials (glass materials), as In the 
case of the projection optical system PL of the second embodiment, the lens surfaces of the aspheric shape are priaf- 
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erabiy formed in the lenses of silica glass. 

[0096] Table 1 and Table 2 below provide the specifications of the projection optical system PL of the first and second 
embodiments. In Table 1 and Table 2, the 1^ end column Indicates numbers of the respective lens surfaces from the 
first surface A, the second column radii of curvature of the respective lens surfaces, the third column surface spacings 
from each lens surface to a next lens surface, the fourth column lens materials, the fifth column symt>oIs of the aspheric 
surfaces, and the sixth column symbols of the respective lenses. A mdlus of cun^ature in the second column for each 
aspheric lens surface represents a radius of curvature at a vertex thereof. In Table 2, 0^ represents a clear aperture 
diam^er of each lens surface. 

[0O97] The aspheric shope is expressed by Eq. (a) below. 

Z(Y)=: r=^^=+AY^+BY^+CY^^DY^^+EY^^^FY^^ (a) 

iWi-(i+k)yV 

15 Y: height from the optical axis 

z: distance along the direction of the optical axis from a tangent plane at the vertex of each aspheric surface to 

the aspheric surface 

r radius of curvature at the vert^ 

k: conical coefficient 
20 A, B, C, D, E, F: aspheric coefficients 

[0098] InthelastpartofTablel andTable2therearepresentedtheconicalcoefridentKandtheasphericc^ 
A, B, C, D» E, F for each aspheric surface as [aspheric data]. 

[0099] The projection optical system of the first emkx>diment uses fluorite as the lens material (glass material) and 
25 tiie second embodiment silica glass (synthetic quartz) and fluorite. 

[0100] The refractive index of fluorite at the reference wavelength (1 57.62 nm) of the first embodiment is 1 .5593067 
and a change of refractive index per the wavelength -i- 1 pm(dispersion) Is -2.6 x 1 0^. 

10101] In tiie second embodffnent the refractive ind^ of silica glass (synthetic quartz) at the reference waveiengtii 
(193.306 nm) is 1 .5603261 , and a change of rafractive Index per the wavelength + 1 pm(di8per8ion) is -1 .59 x lOr^. 
90 Further, tiie refractive index of fluorite atthe reference waveiengtii (1 93.306 nm) Is 1 .5014548 and a change of refractive 
index per the wavelength + 1 pm(dispersloji) is -0.98 X 1 0®. 

[0102] In Table 1 and Table 2 below, SiOg represents silica glass, CaF2 represents fluorite, dO represents the distance 
fromthefirstsurface Atothesurfacedosesttothefirstsuriace A, WD represents the distance from the surface closest 
to the second surface B, to the second surface B (woricpieceing distance), p represents the projection magnification. 
35 N A represents the numerical aperture on the second surface B side, and 0 represents the diameter of the image circle 
on the second surface B. 



50 
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0ABLE 1]^ 

First Eri)odiBent (Fig. 1) 
d 0 = 40.6446(m) 
WD = 10.8134(fflB) 

j-.^ I = 1/-4 - ' - - • ~- - • - - 
NA =• 0. 7 5 
0 = 23(m) 

Badius of Surface Glass A^heric Lens 
curvature distance surface 
(m) im) 

1: -446.6132 12.0000 CaF, ASPl Lll 
2: 554.7232 22.5800 

3: -92.3259 46.8618 CaF, L12 
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4: 


-6695.3973 


1.1105 




ASP2 




5 


5: 
6: 


3832.9930 
-179.0867 


50.0000 
2.1599 


CaFa 




121 




7: 


552.3099 


• 44.4615 


CaF, 




L22 


10 


8: 


-337.8904 


72.3130 










9: 


416.2197 


34.5857 


CaF, 




L23 


15 


10: 


-885.0528 


1.0000 










11: 


179.8393 


45.7388 


CaF, 


ASPS 


L24 


20 


12: 


-3356.1983 


59.3145 










13: 


-4096.8404 


12.0000 


CaF, 




L31 




14: 


160.6568 


14.5833 








25 


15: 
16: 


-317.8664 
146.7839 


12.0000 
35.8889 


CaF, 




L32 


30 


17: 


-96.9946 


12.8163 


CaF, 




L33 




18: 


190.5253 ' 


13.5021 




ASP4 






19: 


" -335.6495 


50.0000 ' 


CaF, 


. . « 


' L4r 




20: 


-220.3094 


1.0000 




• 






21: 


-2196.6594 


26.1615 


CaF, 




U2 


40 


22: 


-200.6039 


62.7317 










23: 


245.0000 


38.2977 


CaF, 




L43 


45 


24: 


-522.0290 


1.0000 










25: 


00 


17.3237 






AS 




26: 


-268.6720 


20.2571 


CaF, 




151 


50 


27: 


312.7719 


6.2767 




ASP5 






28: 


421.1502 


30.5995 


CaF, 




L52 


55 


29: 


-570.5232 


1.0000 
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30: 


392.6194 


38.7693 


CaFa 


L53 


31: 


-392.6194 


18.3534- 






32: 


208.4943 


34.4190 


CaFa 


L54 


33: 


993.1946 


13.7466 






34: 


100.1780 


50.0000 


CaFa 


L55 


35: 


182.3029 


1.4636 






36: 


100.1446 


20.5148 


CaFa 


L56 


37: 


166.7499 


6.9737 




ASP6 


38: 


23871.5667 


36.7374 


CaFa 


157 


39: 


oo 


(WD) 







[Aspheric Data] 



ASFl 



ASF4 



K : 


0.000000 




K : 


0.000000 




A : 


t).mi40x 1 0 


-6-... 


A : 


0. 103662 X 1 0 


-.». 


B : 


-0. 824604 X 1 0 


-11 


B : 


-0. 141741 X 1 0 


-10 


C : 


0.290280 X 1 0 


-IS 


C : 


0.495429 X 1 0 


-x« 


D : 


-0.163368 X 1 0 


-1« 


D : 


0.567158X 1 0 


-»9 


E : 


-0.748150 X 1 0 


-23 


E : 


-0.655441 X 1 0 


-23 


F : 


0. 191873 X 1 0 


-26 


F : 


0.227245 X 1 0 


-27 


ASP2 






ASP5 






K : 


0.000000 




K : 


0.000000 




A : 


0.489084 X 1 0 


-7 


A : 


0. 166512 X 1 0 


-T 
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D 


~\) • uCV'toD ^ i U 


-H 


D 


U.O 160X0 ^ i u 


-IS 


C : 


0. 962305 X 1 0 


-11 


C ; 


-0. 931419 X 1 0 


-17 


D : 


-0.287934X 1 0 


-2« 


D : 


-0.141990X 1 0 


-21 


E : 


0.318426 X 1 0 


-25 


E : 


0. 347373 X 1 0 


-26 


F : 


0.736564 X 1 0 


-30 


F : 


-0.357575 X 1 0 


-31 


ASPS 






ASP6 






K : 


0.000000 




K : 


A AAAAAA 

0.000000 




A : 


-0. 350067 X 1 0 


-8 


A : 


-0.827300 X 1 0 


. g 


B : 


-0.254455 X 1 0 


— 12 


B : 


-0. 150446 X 1 0 


— 10 


C : 


-0.464126 X 1 0 


-IT 


C : 


-0. 119559 X 1 0 


-14 


D : 


-0.307104 X 1 0 


-21 


D : 


-0. 367677 X 1 0 


-19 


£ : 


-0. 247414 X 1 0 


-2t 


£ : 


0.140360 X 1 0 


-22 


F : 


-0.475856 X 1 0 


-ao 


F : 


0.443761 X 1 0 


-26 



' STABLE 2»' " 
Second Enbodifflent (Fig. 2) 

d 0 = 50.2691(bb) 

WD = 12.7196(iiui) 

1)5 1=1/4 

NA =0. 7 5 
0 =26.6(im) 



Badius of ^>acing Glass 
corvature 
(ms) (m) 



Aspheric Loos 
surface 



(mm) 
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1: 


-310.0151 


14.1998 


Si02 


111 


2: 


303.6996 


31.5711 




ASPl 


3: 


-100.7999 


43.9802 


Si02 


112 


4: 


-223.9596 


9.5226 




ASP2 • 


5; 


723.6127 


40.8525 


Si02 


121 


6: 


-326.4452 


1.4173 




ASP3 


7: 


1771.0971 


46.9449 


Si02 


L22 


8: 


-289.4624 


104.4363 






9: 


315.8237 


54.1717 


Si02 


L23 


10: 


-982.0234 


5.9069 






11: 


177.1899 


46.2445 


CaF2 


L24 


12: 


2145.8394 


52.0242 






13: 


-383.7553 


14.4116 


Si02 


L31 


14: 


103.2214 


24.7417 






15: 


. -406,0024 


33.8665 


Si02 


. . L32 


16: 


264.3030 


20.2564 






17: 


-130.6551 


36.7937 


Si02 


ASP4 L33 


18: 


243.2466 


22.7571 






19: 


-214.9802 


30.3809 


Si02 


L41 


20: 


-138.6461 


1.6720 






21: 


oo 


21.7611 


Si02 


142 


22: 


-503.4971 


3.2133 






23: 


300.0000 


39.0994 


Si02 


L43 


24: 


1276.4893 


64.3575 






2S: 


oo 


17.6348 




. AS 



61.615337 
66.565666 
66.983185 
93.367592 
116.401726 

120.452324 
127.712166 

129.745331 
129.661499 

126.792755 
109.210121 

103.951401 
70.429657 
57.789726 
. 57.333916- 
55.370338 
55.433979 
68.153618 
69.129860 
78.097023 
88.842262 
92.214386 
100.787971 

101.914116 

107.438789 
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26: 


634.97S4 


23.4375 


Si0 2 




LSI 


112.544273 


27: 


428.5036 


1.0000 


- 


ASPS 




114.046783 


28: 


374.4189 


48.2150 


CaF2 




L52 


114.698341 


29: 


-377.2840 


5.8246 








115.519508 


30: 


312.6914 


30.9155 


Si0 2 




L53 


115.577393 


31: 


1319.1903 


24.0395 








113.770447 


32: 


272.3437 


35.8174 


Si0 2 




L54 


107.279770 


33: 


2421.5392 


21.5533 








103.251373 


34: 


111.2389 


35.3044 


8102 




L5S 


82.084534 


3S: 


217.9576 


8.7809 








74.716202 


36: 


117.8762 


24.0827 


Si0 2 




L56 


63.873623 


37: 


206.3743 


8.3992 




ASP6 




55.041325 


38: 


-4906.7588 


47.4235 


Si02 




- L57 


53.879700 


39: 


oo 


(WD) 








27.722666 



.[Aspheric Data] 



ASPl ASP4 



K 


0.000000 




K 


0.000000 




A ; 


: -0. 140916 X 1 0 


-6 


A : 


: -0.879103 X 1 0 


-7 


B ; 


0.56S597X 1 0 


-11 


B : 


0. 950068 X 1 0 


-12 


C 


: -0.301261 X 1 0 


-IS 


C : 


0. 184679 X 1 0 


-15 


D : 


: -0. 207339 X 1 0 


-19 


P : 


D.197968X 1 0 


-19 


E ; 


0.554668X 1 0 


-23 


E : 


0. 107088 X 1 0 


-23 


F . 


: -0.585529X 1 0 


-21 


F : 


. -0^ 173148 X 1 0 


-2T 
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ASP2 




ASPS 






K : 


0.000000 


K : 


0.000000 




A : 


0. 319500 X 1 0-' 


A : 


0.401293 X 1 0 


-8 


B : 


-0.616429X 1 


B : 


0.300603 X 1 0 


-18 ■ 


C • 


-0. 170315 X 1 0"*' 


C : 


-0.310130 X 1 0 


-iT 


D : 


0.486911X 1 


D : 


0.269304 X 1 0 


-S3 


E : 


-0. 144218 X 1 0-" 


E : 


-0. 108809 X 1 0 


— 2 T 


F : 


0.926412X 1 0-" 


F : 


0.341338 X 1 0 


— 3 2 






ASP6 






K : 


0.000000 


K : 


0.000000 




A : 


0.263695 X 1 0"' 


A : 


-0.141220X 1 0 


-T 


B : 


0.676253X 1 O"*' 


B : 


-0.760266 X 1 0 


-t i 


C : 


-0.828213 X lO"*' 


C : 


-0.429061 X 1 0 


-18 


D ': 


-0:i21949x 1 0"" 


'■ **D-" : 


* 0:i79175x 1 0 


-2-0 • 


E : 


0.572412X 1 0-" 


E : 


0.705845 X 1 0 


-23 


F : 


-0.806708X 1 0-" 


F : 


-0.321978 X 1 0 


-a? 



(01 03] Now numerals corresponding to the conditions In the respective embodiments are presented in Table 3 below. 



•TABLE 3» 





f2/L 


1/p1 


L1/L 




Ea/E 


(1) 


(2) 


(3) 


(4) 


(5) 


Embodiment 1 
Embodiment 2 


0.108 
0.111 


■0.74 
-0.88 


0.120 
0.121 


0.604 
0.576 


0.316 
0.316 



[0104] As shown in Table 3 above, the first and second embodiments both satisfy the foregoing conditions. 
[0105] Next, Rg. 3 and Rg. 4 show the lateral abenation charts on the secbnd surface B of the projection optical 
system PL according to the first and second embodiments, respectively. 

[0106] Rg. 3(A) is a lateral aberration chart in the meridional direction at the image height Y = 11 .5, Rg. 3(B) a lateral 
£d)erration chart in the meridional direction at the image height Y = 5.75, Rg. 3(C) a lateral abenration chart in the 
meridional direction at the image height Y = 0 (on the optical axis), Rg. 3(D) a lateral abenration chart in the sagittal 
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direction at the image height Y = 11 .5, Rg. 3(E) a laterai aberration chart In the sagittaJ dlrec^on at the Image height 

Y = 5.75. and Fig. 3(F) a lateral aberration chart in the sagittal direction at the image height Y = 0 (on the optical axis). 
In each of the lateral aberration charts of Rg. 3(A) to Rg. 3(F), a solid line represents an abermtion curve at the 
wavelength X = 157.62 nm (reference wavelength), a dashed line an atterration curve at the wavelength X = 157.62 

5 nm + 02 pm (reference wavelength + 0.2 pm), and a chain line an aberration curve at the wavelength X = 1 57.62 nm 
- 0.2 pm (reference wavelength - 0.2 pm). 

[0107] Rg. 4(A) is a lateral aberration chart in the meridional direction at the image height Y = 13.3, Rg. 4(B) a lateral 
abenration chart in the meridional direction at the frnage height Y = 6.65, Rg. 4(C) a lateral aberration chart in the 
meridional direction at the Image height Y = 0 (on the optical axis), Rg. 4(D) a lateral aberration chart in the sagittal 
10 direction at the image height Y = 13.3, Rg. 4(E) a lateral aberration chart in the sagittal direction at the image height 

Y = 6.65, and Rg. 4(F) a lateral abenation chart in the sagittal direction at the image height Y = 0 (on the optical axis). 
In each of the lateral at)erration charts of Rg. 4(A) to Rg. 4(F), a solid lirie represents an at>erration curve at the 
wavelen^ X = 193.306 nm (reference wavelength), a dashed line an aberration curve at the wavelength X » 193.306 
nm -I- 0.4 pm (reference wavelength + 0.4 pm), and a chain line an aberration curve at the wavelength X = 1 93306 nm 

fs -0.4 pm (reference wavelength -0.4 pm). 

[0108] As apparent from Rg. 3. in the projection optical system PL of the first embodnment, excellent correction for 
chromatic abenBtion is achieved across the wavelength region of ±0.2 pm, though the system is constructed using 
only the single kind of glass nnaterial, in the wavelength re^n ol not more than 1 80 nm. 

[0109] As also apparent from Rg. 4, in the projection optical system PL of the second ennbodlment, exceilent cor- 
20 rection for chromatic aberration is achieved across the wavelength region of iJO.4 pm, though the system is constructed 
using only the small number of lens elements for correction of chromatic abenBtion (approximately 10% of all the lens 
elements), in the vacuum ultraviolet wavelength region of not more than 200 nm. 

[0110] The projection optical system PL of the first embodiment has the circular image field having the diameter of 
23 mm and can ensure the rectangular exposure region having the width of 6.6 mm in the scanning direction and the 
^ width of 22 mm In the direction perpendicular to the scanning direction, in the image field. The projection optical system 
PL of the second embodiment has the circular image field having the diameter of 26.6 mm and can ensure the rectan- 
gular exposure region having the width of 8.8 mm in the scanning direction and the width of 25 mm in the direction 
perpendicular to the scanning direction, in the image field. 

[0111] In the next place, examples of prefen-ed forms of the eighth and ninth projection optical systenns according 
30 to the present invention will be described t)eiow. Rg. 1 0 to Fig. 1 4 are the optical path diagrams of the projection optical 
systems according to the embodiments of^the eighth and ninth projection optical systems of the present invention. It 
is, however, noted that the projection optical systems of Fig. 1 and Rg. 2 described atK>ve can t>e included in the 
embodiments of the eighth and ninth projection optical systems of the present invention in certain cases, as descrtoed 
hereinafter. 

35 [01 12] In Rg. 1 0 to Rg. 14, the projection optical systems of the examples (which will be also referred to hereinafter 
as "projection optical system PL") are dioptric projection optical systems forfonnlng a reduced image of a pattem on 
the first surface A, onto the second surface B. When these projection optical systems are applied, for example, to the 
projection exposure apparatus for fabrication of semiconductor devices, a pattem surface of reticle R as a projection 
master (mask) is placed on the first surface A, and a photoresist coating surface (exposure surface) of wafer W being 

^ a substrate to be exposed as a worfcpiece, is placed on the second surface B. Tlie projection optical systems have a 
front tens unit GF of a positive refracting power, a reai* lens unft GR of a positive refracting power, and a^ 
AS in the vicinity of a rear focal point of the front lens unft GF. The position of the aperture stop AS does not always 
have to be limited to the paraxial, rear focal point of the front lens unit GF. Tliis is similar to the cases of the embodiments 
of Fig. 1 and Rg. 2. In this case, the rear lens unit GR represents an assembly of a group of lenses located from the 

^ paraxial pupil position of the projection optical system to the second surface B. 

[01 13] In the examples of Rg. 1 0 to Rg. 1 4, the aperture stop AS is located between the front lens unit GF and the 
rear lens unit GR. 

[01 14] The projection optical systems in the examples of Rg. 1 0 to Rg. 1 4 are optical systems that are substantially 
telecentric on the first surface A side and on the second surface B side, as in the case of the examples of Rg. 1 and 
so Rg. 2. As a result, in the projection optical systems of the examples, even If there occurs the positional deviation in 
the direction of the optical axis of the reticle (mask) as a projection master or the photosensitive sut>strate (wafer, plate, 
or the lilce) as a workpiece, or the profile change due to warped or the like of these projection master and workplace, 
it Is also feasible to decrease the magniftcation en^r and distortk>n of inr^ges due to them. 

[01 15] In the projection optical system according to an emt)odiment of the eighth projection optk:al system (the fifth 
S5 projection exposure apparatus or the third projection exposure method) of the present invention, the exposure light is 
one having the wavelength of not more than 200 nm and, letting y (kg) be a translated amount of fluorite of a disk 
member from an amount (use amounQ of fluorite (CaF2) among the radiation transmitting optical materials in the pro- 
jection optical system, f2 (mm) be ttie focal lengtii <a the rear lens unit GR, and NAw be an image-skie maxvnum 



24 



5 



EP1139138A1 

numerical aperture of the projection optical system, a parameter x (mm) is defined as follows. 

x = 12-4ipi-NAw^ (10) 



[0116] In ttiis case, as shown in Rg. 8(b). a disk memlw D of a lens L used In the projection optical system is a 
cylindrical member used in fabrication of the lens L. When repfesents an effective radius (a radius of dear aperture) 
of the lens L (the larger of those on the entrance side and on the exit side) and dS a holding width for stably holding 
the lens L, a radius r^ of the disk member D is given by (re^ + dS) and the length of the disk member D by a length of 
a cylinder circumscribed about the lens L According^, the translated amount y of fluorite of the disk member from the 
use amount of fluorite consequently represents the total amount of fluorite used In febrication of the projection optical 

system. ^ . 

[01171 'n *e present example the holding wWth dS is 8 mm. Under these dfcumstances, the cptkal system of the 
example Is configured to satisfy the following condittons. 

15 





y ^ 4x-200 


(11) 


20 


ys (4x^13) + (100(V13) 


(12) 




y^4x-440 


(13) 


25 


ygO 


(14) 



[01 181 f^g 8(a) shows the relation between the parameter x and the fluorite amount y (the use amount reduced to 
the disl< member) in the embodiment of the present invention, and in this Ffg. 8(a). straight lines B1 , B2, B3, and B4 
30 indicate a line (y = 4x - 200), a line (y = (4x/13) -i- (100CV13)). a line (y = 4x - 440). and a line (y = 0). respectively. "Rio 
range of (x, y) satisfying the conditions of Eq (11) to Eq (14) consequently is the rectangular regton B5 surrounded by 
the fines B1 . B2, B3, B4 off Rg. 8(a). 

[01 191 The chromatte abenration of oplteal system is usually connected by adequately combining optical materials of 
different dispersions (conventional con-ectton technique). However, when the exposure light is light In the wavelength 

3s region of not more than 200 nm (vacuum ultraviolet radiation) as in the present example, optical materials (light-trans- 
mitting optteal materials) for the lenses (induding the paralle^rfane plates for correction of aberration and the like) 
transmitting the exposure light are limited in kind. Specifically, practfcally applicable materials for the combination of 
plural optteal materials of mutually different disperstons in the wavelength re^on of approximately 1 70 to 200 nm are 
silk» glass (synthetfc quartz) and fluorite. Since fluorite is produced in the small volume of productton and is expensive, 

^ it is desirable to decrease the use amount y of fluorite to as kvw as possble in order to decrease the production cost 
of the projedion optical system and eventually decrease the production cost of the projection exposure apparatus 
provided therewith. 

[01201 Then the inventor considered applying the technk|ue of correcting ttie chromatic aberration for ttie light witti 
predetemined wavelength band by proportional reduction of ttie optical system (correction technique by proportional 
^ reduction), to the optical system of ttie Instant example, and found that. In order to connect the chromatic aberration 
well while redudng the amount of fluorite y for ttie light of the wavelengtti of not more ttian 200 nm as much as possible, 
the regton B5 of Rg. 8(a) was ttie optimum combination of ttie foregoing conventional correction technique (capable 
off conttol by ttie amount of fluorite y) witti ttie correction techhkjue by proporttonal reduction (capable off control by ttie 

parameter X). *u 
so [01211 When Condition (11) is not satisfied, i.e., in ttie region Ble above the line B1 , ttie focal lengtti f2 off the rear 
lens unit GR is too short against ttie amount y of fluorite. In this case, the power of ttie entire projection optfcal system 
is too steong and it is difffcultto correct even ttie monochromatic abenrations: Thus this region is not preferable. In ottier 
words, fluorite is used more ttian necessary against ttie focal lengtti f2 of ttie rear lens unit GR. Namely, ttie chromatic 
aberration correction by ttie technk|ue of proporttonal reduction is not effected so much, and ttie use amount of fluorite 
^ is undesirably increased frultiessly- 

[01221 When Condition (12) Is not mrt, i.e., In the region B2e above ttie Une 827^ ttie absolute use amount of fluonte 
is undesirably Increased. 
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[0123] When Condrtion (13) is not met, i.e.. In the region B3e outside the line B3, it becomes easier to correct the 
monochromatic aberrations of the projection optical system, but the connection of chromatic aberration becomes largely 
insufficient, so as to degrade the imaging perfomnance, undesirably. Since the amount y of fiuorite Is 0 or a positive 
value, Condition (14) is always satisfied. 

[0124] In the present embodiment, the image-side maximum numerical aperture NAw of the projection optical system 
and the fiuorite amount y ^e reduced use amount to the disic member) are preferably set to further satisfy the following 
two conditions. 

NAw > 0.72 (d-1) 



y<75 (d-^ 

15 [0125] When Condition (d-1) is not satisfied, it is not feasible to yield a satisfactory resolution. Further, since the 
volume production of fluorfte is difficult at present, when Condition (d-2) is not met, there is the possibility that it becomes 
difficult to increase the supply of projection optical systems PL (and the projection exposure apparatus equipped there- 
with) according to demands. 

[0126] In the present embodiment, the focal length 12 (mm) <^ the rear lens unit GR and the image-side maximum 
20 numerical aperture NAw of the projection optical system are desirably set to satisfy the following condition. 

110<f2^Aw<200 (e) 

25 [0127] When the value of fZ/NAw is not more than the lower limit of Condtion (e). ft becomes difficult to correct off- 
axial aberrations such as coma, astigmatism, and distortion. When the value of f2/NAw is not less than the upper limit 
of Condition (e), it becomes difficult to conrect the chromatic aberration. 

[0128] In order to further decrease the fiuorite amount y and well correct the chromatic at>erration by proportional 
reduction, it is desirable to satisfy the following conditions (15) to (1 8), which are narrower conditions than Conditions 
so (11) to (14). 

ys(9x/2)-270 (IS) 
^ y^90 (16) 

y^(9x/2)- (855/2) (17) 



y ^ 0 (18) 



[01291 m Fig. 8(a), straight lines CI , C2, C3, and C4 indicate a line (y = (9x/2) -270), a line (y = 90), a line (y = (9x^ 
45 2) - (855/2)), and a line (y = 0), respectively. Accordingly, the range of (x, y) satisfying Conditions (15) to (18) is the 
rectangular region C5 surrounded by the lines CI , C2, C3, C4 and this region C5 is in the range of the region B5. 
[0130] The exposure light is desirably one having the wavelength of not more than 200 nm and the wavelength band 
having the full widtti at half maximum of not more than 0.5 pm. As the wavelengtii band becomes narrower, it becomes 
easier to correct the chromatic aberration, but the structure of ttie exposure light source becomes more complex ac- 
50 cording thereto, so as to increase the production cost and inevitably decrease the exposure dosage, thus lowering the 
throughput. When the exposure light source is, for example, an ArF exctmer laser source (the wavelengtii 193 nm), 
the wavelengtii bands of not more than 0.5 pm to approximately 0.3 pm are bands that can be realized at reasonabte 
cost by ttie band narrowing technique and ttie chromatic aberration can also ,be readily corrected by the confection 
technique of tite present example. 
55 [0131] In the present example, the correction technique by proportional reduction is applied and, in order to ensure 
the wide field while controlling the various aberrations on the image plane side to wrttiin pemnissible ranges on this 
occasion, it Is desirable to employ aspheric surfeces for predetermined lens surfaces of lenses of a plurality of lenses 
making the projection optical system. However, since the production cost of aspheric lenses is high, it is desirable to 
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minimize the number of aspheric surfaces within the range pemiitting the desired imaging perfomnance. 
[01 32] I n th e present example, Conditions (1 1 ) to (1 4) are satisfied, and when the following condrtior} about the fluorite 
amount y is further imposed, the number A of aspheric surfaces in the projection optical system is desirably not less 
than 2. 

5 - . ' 

0gy<40 (19) 

2SA (20) 

[0133] Describing this further, since the fiuorite amount y is relatively small within the range of Condition (19), the 
focal length f2 of the rear lens unit GR Is set to a relatively short value from Conditions (1 1 ) to (1 4). Namely, the chromatic 
aberration correction by proportional reduction tends to k)eoome dominant In this case, if the number of aspheric 
IS surfaces is smaller than 2, the range of the image field well corrected for aberration becomes too narrow and it wilt 
lead to decrease of throughput when applied to the projection exposure apparatus. It is thus desirable to use two or 
more aspheric surfaces In order to Implement good abenation correction in the desired range of Image field. In order 
to effect good abenBtion correction in a wider Image field, the numt)er of aspheric surfaces is more preferably not less 
than three. 

20 [01 34] When ttie following condition different firom Concfition (1 9) is Imposed as to the fluorite amount y, the number 
A of aspheric surfaces In the projection optical system Is desirably 1 to 5. 

40Sy<70 (21) 

25 

1 g A S 5 (23 

[0135] In the range of this condition (21), because of Increase in the fluorite amount y, the focal length f2 of the rear 
30 lens unit GR can be set longer from Conditions (11) to (14) than in the case of the range of Condition (19). Namely, 
since the chromatic aberration correction tiy proportional reduction Is made In addition to the correction technique of 
combining plural materials, use of aspheric surfaces In ttie number of not less than 1 nor more than 5 permits the 
aberration to t>e corrected well within the desired range of image field. When no aspheric surface Is used off Condition 
(22). It becomes difficult to maintain the proportionally reduced image field in the state before the proporiional reduction, 
^ which Is undesirable. When there are aspheric surfaces over five surfaces, the production cost is undesirably Increased 
more than necessary. 

[01 36] For providing the projection optical system with an aspheric surface, this asphericsurface is desirably provided 
in a lens surface of a lens made of a material (e.g., silica glass) different from fluorite. If the aspheric surface is provided 
in a lens of fluorite to the contrary, it will be difficult to process fluorite into an aspheric surface because of great abrasion 
40 of fiuorite and It can cause considerable increase of production cost and production time and further degrade the 
accuracy of aspheric surface. 

[0137] The image field of the projection optical system in the present example is desirably not less than 20 mm In 
diameter (more desirably, not less than 25 mm In diameter), and the image-side maximum numerical aperture NAwof 
the projection optical system is desirably set to satisfy ttie following condition. 

45 

NAw^O.65 (23) 

[01 38] Using the exposure wavelength X, the maximum numerical aperture NAw, and the process coefficient k1 , the 
50 resolution Res of ttie image to be tran^erred by the projection optical system is given as follows. 

Res^kl X/NAw (24) 

55 [0139] Accordingly, supposing the exposure wavelengtii X is 200 nm, the maximum numerical aperture NAw 0.65, 
and, for exan^le, on the assumption of application of the modffied illumination method, the process coefficient k1 0.5, 
theresolution Reslsabout154nm. Therefore, whenCondition (23) issatisfiedattheexposu^ 
than 200 nm, it Is feasible to yield the resolution enough for fabrication of next-generation semiconductor devices and 
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the like. 

[D140] When the diameter of the image field is not less than 20 mm, exposure can be innplemented at high throughput 
in the state of high resolution. 

[0141] In the projection optical system according to an embodiment of the ninth projection optical system (the sixth 

5 projection exposure apparatus or the fourth projection exposure method) of the present Invention, the exposure light 
is one having the wavelength of not more than 200 nm and y (kg) represents a translated amount of a first material of 
a disk member from an amount (use amount) of the first material among the radiation transmitting optical materials in 
the projection optical system. Then Conditions (11) to (14) are satisfied where tiie focal length of the rear lens unit GR 
Is f2 (mm), the Image^de maximum numerical aperture of the projection optical system is NAw, and the parameter x 

10 (mm) is defined as in Eq (10). 

[0142] Rg. 9 shows the relation between the parameter x (mm) and the amount y (the use amount reduced to the 
disk memt>er) (kg) of the first material in this embodiment, wherein the straight lines B1 to B4 and the straight lines CI 
to C4 in tills Rg. 9 are tiie same as tiiose In Rg. 8(a) and the region satisfying Conditions (11) to (14) Is the region BS 
surrounded by the lines B1 to 84. 

15 [0143] In this embodiment of Rg. 9, a second nnaterial different from the first material is first used as a principal 
material (light-transmitting optical material) for the lenses making the projectk>n optical system, and then the first ma- 
terial is added according to the necessity for correction of chromatk: at>en^on. The present ennbodiment further uses 
a connection technique of effecting achromatism by proportbnally reducing the optcal system. Namely, the present 
example can be said to be "an example of finding the range of optimum comt)ination of the correction technique by 

20 proportional reduction with the correction technkfue of achromatism by adding the chronnatic-aberrationKx>rrecting 
material (first material) to the principal material (second material)." 

[0144] In the present example, not only silk», but also fluorite and the like can be used as the principal material 
(second material). When the principal material is, for example, silkpa, the first material can be selected from fluorite 
(which corresponds to the embodiment of Fig. 8(a)), barium fluoride (BaF). littiium fluoride (UF), and so on. On the 

25 other hand, for example, at ttie exposure wavelengttis c/t not more than 1 70 nm (e.g., the F2 laser of the wavelengtii 
of 1 57 nm), it is also concehfable to use fiuorite as the principal material in order to increase tiie transmittance, and in 
this.case the first material Is selected from materials (silfea, BaF, LiF, etc.) different from fluorfte. 
[0145] In Rg. 9, when Cond{tk>n (11) is not satefied, it can be mentioned that the first material is used more than 
necessary against the focal lengtii f2 of the rear lens unit GR. When Condition (12) is not satisfied, tiie absolute use 

30 amount of the second material becomes large and the transmittance becomes too low, for example, at the exposure 
wavelengtiis of not more than 1 70 nm, undesirably . 

[01 46] When Condition (1 3) is not satisfied, It becomes easier to correct the monochromatic aberrations of the pro- 
jection optical system, but the correction of chromatic aberration becomes langely insufficient, so as to degrade the 
imaging performance, undesirably. 
35 [0147] in the present example, it Is desirable to satisfy Conditions (d-1), (d-2), in order to obtain tiie satisfactory 
resolution and control the use amount of fluorite to w^in the practical range. It is also desirable to satisfy Condition 
(e), in order to readily correct the off-axial aberrations such as coma, astigmatism, and distortion and readily conrect 
the chromatic aberration. 

[0148] in the present example, in order to further decrease the arnounty of the first material and correct the chroniatic 
40 aberration well by proportional reduction, it is also desirable to satisfy the at)ove conditions (15) to (18), which are 
narrower conditions than Conditions (11) to (14). This is the case wherein (x, y) Is in the region C5 surrounded by the 
lines CI toC4of Rg. 9. 

[01 49] In Fig. 9, data A1 con'esponds to the foregoing first emt>odtment. In the first emt>odiment, the exposure wave- 
length is 157 nm of the F2 laser (not more than 1 70 nm), all the lenses are made of the same material (second material) 

45 of silk:a, and the amount y of the first material is 0. In the first embodiment, the focal lengtii f2 of the rear lens unit GR 
is 11 0.6 nm, the projection magnification p -0.25, and the image-side maximurh numerical aperture NAw 0.75. There- 
fore, the parameter x = 110.6 • 4 • 1-0.251 • 0.7^ = 62.2 (mm), so ttiat the data A1 is In the more desirable region C5. 
-^[0150]~A.pluralityof-nurnerk»lembodrTients^of4he present example^lU)^^ bek)w.~The^jection optical 

systems of the third embodiment to the eighth embodiment below all use the wavelength of 193.3 nm supplied from 

50 the band-nan^owed ArF laser as the reference wavelength and the chromatic at)erration is conrected in the range of 
FWHM (full wktth at half maximum) of 0.35 pm centered about the reference wavelengtii, i.e., in the range of 193.3 
nm± 0.175 pm. 

[01 51 ] Rg. 1 0 ^ the optical patii diagram of the projection optk:al system ^xx>rding to tiie third embodiment. In this 
third embodiment, all the radiation-transmitting refractors (lenses L11 to L57) in the projection optical system are made 
55 of silca (synthetic quartz: Si02). Namely, the nnaterial for achromatism (the first material) is not used. 

[0152] As shown in Rg. 1 0, the projection optical system of the third embodiment has tiie front lens unit GF of the 
positive refracting power, the aperture stop AS, and the rear lens unit GR of the positive refracting power In tiie order 
named from the first surface A side. According to another grouping, the projection optical system of the third emtx)d- 
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iment has the negative, first lens unit G1 , the positive, second lens unit 62, the negative, third lens unit 63, the positive, 
fourth lens unit G4, the aperture stop AS, and the positive, fifth lens unit 05 in the order nanned from the first surface 
A side, fn which tite first lens unit G1 to the fourth lens unit G4 constitute the front lens unit GF and the fifth lens unit 
G5 the rear lens unit GR. 

5 [0153] The first lens unit G1 has a negative lens LH of the meniscus shape wtth a convex surface feeing to the first 
surface A side, and a negative lens LI 2 of the meniscus shape with a concave surface facing to the first surface A 
side In the order named from the first surface A side, and these negative lenses L1 1 , L1 2 fomn a gas lens of the biconvex 
shape. The lens surface on the first surface A side of the negative lens L1 1 and the lens surface on the second surface 
B side of the negative lens L12 are formed as aspheric surfeces ASP1 and ASP2, respectively^ 

10 [01 54] The second lens unit G2 has a negative lens L21 of the meniscus shape witii a concave surface fadng to the 
first surface A side, a positive lens L22 of the meniscus shape with a concave surface facing to the first surface A side, 
and three positive lenses L23 to L25 of the biconvex shape. The lens surface on the first surface A side of the positive 
lens L25 closest to the second surface B is fonfned as an aspheric surface ASP3. 

pi 55] The third lens unit G3 has a negative lens ^B^ of the meniscus shape with a convex surface facing to the first 

15 surface A side, and two negative lenses L^,L33 of the biconcave shape in the order nanied from ^ 

side, and these negative lenses 1.31 to 133 form two gas lenses of the biconvex shape. The lens surface on the second 
surface B side of ttie negative lens L33 closest to the second surface B is fonned as an aspheric surface ASP4. 
[0156] The fourth lens unit G4 has two positive lenses L41 , L42 of the meniscus shape with a concave surface facing 
to the first surface A side and a positive lens L43 of the biconvex shape in ttte order named firom ttie first surface A side. 

20 [0157] The fifti) lens unit G5 also being ttie rear lens unit GR, has a negative lens L51 of the biconcave shape, two 
positive lenses L52, Ij53 of the biconvex stiape, three positive lenses L54 to L56 of the meniscus shape with a convex 
surface facing to the first surface A side, and a negative lens L57 of the planoconcave shape with a concave surface 
facing to the first surface A side, In the order named fifom the first surface A side. Here the lens surface on the first 
surface A side of the positive lens L52 and the lens surface on the second surface B side of the positive lens L56 are 

25 fonmed as aspheric surfaces ASPS and ASP6, respectively. 

[0158] Fig.11 is the opticaJ path diagram of the projection optical system according to the fourth embodinrient.l^ 
fourth embodiment, silica glass (synthetic quartz) is used as the principal material (second material) of the radiation- 
transmitting refractors in the projection optical system and fluorfte as ttie achromatizing material (first material). 
[0159] As shown In Fig. 11 , the projection optical system of the fourth embodiment has the front lens unit GF of the 

30 positive refracting power, the aperture stop AS, and the rear lens unit GR of the positive refracting power in the order 
named from ttie first surface A side. Accqrding to another grouping, the projection optical system PL of the fourth 
embodiment has the negative, first lens unit G1 , the positive, second lens unit G2, the negative, third lens unit G3, the 
positive, fourth lens unit G4, the aperture stop AS, and the positive, f iftti lens unit G5 in the order named from the first 
surface A side, in which the first lens unit G1 to the fourth lens unit G4 correspond to the front lens unit GF and in which 

35 the fiftti lens unit G5conesponds to the rear lens unit GR. 

[0150] The first lens unit G1 has a negative lens L1 1 of the meniscus shape with a convex surface facing to the first 
surface A side, and a negative lens LI 2 of the meniscus shape with a concave surface facing to the first surface A 
side, in the order named from the first surface A side, and these negative lenses L11, LI 2 fonn a gas lens of the 
biconvex shape. The lens surface on the first surface A side of the negative lens L11 and the lens surface on the second 

40 surface B side of the negative lens L12 are fonned as aspheric surfaces ASP1 and ASP2, respectively. These two 
negative lenses L11 , L12 are made botti of silica glass. 

[0161] The second lens G2 has a positive lens L21 of the meniscus shape with a concave surface facing to the first 
surface A side, three positive lenses l_22 to 1-24 of the biconvex shape, and a positive lens 125 of the meniscus shape 
with a convex surface facing to the first surface A side, in the order named from the first surface A side. The lens 
^ surface on the first surface A side of the positive lens L25 closest to ttie second surface B is formed as an aspheric 
surface ASPS. All ttie lenses in ttie second lens unit G2 are made of silica glass. 

[01 62] The third lens unit G3 has a negative lens L^l of the meniscus shape with a convex surface facing to the first 
surface A side, and two negative lenses L32, 1^ of the biconcave shape in the order named from the first surface A 
side, and these negative lenses L31 to L.33 fomn two gas lenses of the biconvex shape. Here the lens surface on the 
50 second surface B side of ttie negative lens L33 closest to the second surface B is fonmed as an aspheric surface ASP4. 
All the negative lenses L31 to L33 in ttie third lens unit G3 are made of silica glass. 

[0163] The fourth lens unit G4 has a posithre lens L41 of the meniscus shape witti a concave surface facing to the 
first surface A side, a positive lens L42 of the meniscus shape with a concave surf»:e facing to ttie first surface A side, 
and a positive lens L43 of the biconvex shape in the order named from the first surface A side. Here the two positive 
55 lenses L41 , L42 are made of sDica glass and the positive lens L43 on the second surface B side is made of fiuorfte. 
|P164] The fifth lens unit G5 has a negative lens LSI of the biconcave shape, two positive lenses L52, LSSofthe 
biconvex shape, three positive lenses L54 to Ij56 of the meniscus shape with a conv^ surface facing to the first surfece 
A side, and a negative lens L57 of ttie biconcave shape in the order named from the first surface A side. Here the lens 
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surface on the second surface B side of the negative lens LSI and the lens surface on the second surface B side of 
the positive lens L56 are formed as aspheiic surfaces ASPS and ASP6. respectively. In the fifth lens unit G5, only the 
negative lens L57 closest to the second surface B is made of fluorite and the other lenses LSI to L56 are made of 
silica glass. 

5 [0165] In the fourth embodiment, as described above, silica glass (synthetic quartz) and fluorite are used as the lens 
materials (glass materials) and all the lens surfaces of the aspheric shape are formed in the lenses of silica glass. 
[0166] Fig. 12 is the optical path diagram of the projection optical system according to the fifth embodiment In this 
fifth embodiment, silica glass (synthetic quartz) is used as the principal material (second material) of the radiation- 
transmitting refractors In the projection optical system and fluorite as the achromatizing material (first material). 

10 [0167] As shown In Rg. 12, the projection optical system of the fifth embodiment has the front lens unit GF of the 
positive refracting power, the aperture stop AS, and the rear lens unit GR of the positive refracting power in the order 
named from the first surface Aside. According to another grouping, the projection optical system of thefifth embodiment 
has the negative, first lens unit G1 , the positive, second lens unit G2, the negative, third lens unit Gi3, the positive, 
fourth lens unit G4, the aperture stop AS, and the positive, fifth lens unit G5 in the order named from the first surface 

'5 A side, In which the first lens unit G1 to the fourth lens unit G4 correspond to the front lens unit GF and In which the 
fifth lens unit G5 corresponds to the rear lens unit GR. 

[0188] The first lens unit G1 has a negative lens L11 of the planoconcave shape with a plane facing to the first surface 
A side, and a negative lens LI 2 of the meniscus shape with a concave surface facing to the first surface A side, in the 
order named from the first surface A side, and these negative lenses L11 , L12 fonm a gas lens of the biconvex shape. 
20 The lens surface on the second surface B side of the negative lens L1 1 is formed as an aspheric surface ASP1 . These 
two negative lenses L11 , L1 2 are made both of silica glass. 

[0169] The second lens G2 has a negative lens L21 of the meniscus shape with a concave surface facing to the first 
surface A side, a positive lens L22 of the meniscus shape with a concave surface facing to the first surface A side, a 
positive lens L23 of the biconvex shape, and two positive lenses L24, L2S of the meniscus shape with a convex surface 
2s facing to the first surface A side, in the order named from the first surface A side. The lens surface on the first surface 
A side of the negative lens L21 closest to the first surface A is formed as an aspheric surface ASP2. All the lenses in 
the second lens unit G2 are made of silica glass. 

P)1 70] The third lens unit G3 has a negative lens L31 of the meniscus shape with a convex surface facing to the first 
surface A side, and two negative lenses L32. of the biconcave shape in the order named from the first surface A 

30 side, and these negative lenses L31 to L33 fonn two gas lenses of the biconvex shape. Here the lens surface on the 
second surface B side of the negative lens L31 dosest to the first surface A and the lens surface on the second surface 
B side of ttie negative lens closest to the second surface B are formed as aspheric surfaces ASPS and ASP4. 
respectively. All the negative lenses L31 to L33 In ttie third lens unit G3 are made of silica glass. 
. [0171] The fourth lens unit G4 has a positive lens L41 of the meniscus shape with a concave surface fadng to the 

35 first surface A side, a positive lens L42 of the meniscus shape with a concave surface facing to the first surface A side, 
and a positive lens L43 of the biconvex shape in the order named from the first surface A side. Here the two positive 
lenses L41 , L42 on the first surface A side are made of fluorite and the positive lens L43 on the second surface B side 
is made of silica glass. 

[0172] The fifth lens unit G5 has a negative lens LSI of the biconcave shape, two positive lenses L52, LS3 of the 
40 biconvex shape, three positive lenses L54 to L56 of the meniscus shape with a convex surface facing to the first surface 
A side, and a negative lens L57 of the planoconcave shape with a concave surface facing to the first surface A side, 
in the order named from the first surface A side. Here the lens surface on the second surface B side of the negative 
lens L31 and the lens surface on the second surface B side of the positive lens L55 are fonned as aspheric surfaces 
ASPS and ASP6, respectively. In the fifth lens unit G5, only the two lenses 1^, L^7 closest to the second surface B 
45 are made of fluorite and the other lenses LSI to L5S are made of silica glass. 

[0173] In the fifth ennbodiment, as described above, silica glass (synthetic quartz) and fiuorite are also used as the 
lens materials (glass nnaterials) and aO the lens surfaces of the aspheric shape are formed in the tenses of silica glass. 
[0174] Figr13 'is the optical path diagram of the projection optical system according to^^^ enrtt>odffnent. In this 
sixtii embodiment, silica glass (synthetic quartz) is used as the principal material (second material) of the radiation- 
so transmitting refractors In the projection optical system and fluorite as the achromatizing material (first material). 

[0175] As shown in Rg. 13, ttie projection optical system of ttie sixth embodiment is a double waist type imaging 
optical system having the front lens unit GF of the positive refracting power, the aperture stop AS, and the rear lens 
unit GR of the positive refracting power in the order named from the first surfape A side. 

[0176] The front lens unit GF has a negative lens L11 of the biconcave shape, three positive lenses LI 2 to LI 4 of 
55 the biconvex shape, a negative lens LIS of the meniscus shape with a convex surface facing to the first surface A side, 
a positive lens LI 6 of the biconvex shape, a negative lens LI 7 of the biconcave shape, two negative lenses LI 8, L1 9 
of the biconcave shape, a negative lens L20 of the meniscus shape witti a concave surfiace facing to the first surface 
A side, a positive lens L21 of the meniscus shape with a concave surface facing to the first surface A side, a positive 
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lens L22 of the biconvex shape, a positive lens L23 of the meniscus shape with a concave surface fadng to the first 
surface A side, two positive lenses L24, L25 of the biconvex shape, a negative lens L26 of the meniscus shape with 
a convex surface facing to the first surface A side, a negafive lens L27 of the biconcave shape, a negative lens L28 cf 
the meniscus shape with a concave surface facing to the first surface A side, and a positive lens L29 of the mmiscus 

5 shape with a concave surface facing to the first surface A side, in the order named from the first surface A side. Then 
the lens surface on the first surface A side of the negative lens 1^, the lens surface on the first surface A side of the 
negative lens L27, and the lens surface on the second surface B side of the negative lens L28 are fomied as aspheric 
surfaces ASP1 , ASP2, and ASP3, respectively. Only the positive lens L29 closest to the second surface B is made of 
fiuonte and the other lenses L11 to L28 are made all of silica glass. 

10 [0177] The rear lens unit GR has two positive lenses L51 , L52 of the biconvex shape, a negative lens L53 of the 
meniscus shape with a concave surface facing to the first surface A side, a positive lens L54 of the biconvex shape, 
three positive lenses L55 to L57 of the meniscus shape vvith a convex surface facing to the first surface A side, a 
negative lens L58 of the meniscus shape with a conv^ surface facing to the first surface A side, and a positive lens 
L59 of ttie biconvex shape in the order named from tiie first surface A side. IHere the four lenses L53, L54, L58. L59 

IS are made as silica lenses and tiieotherfive lenses L51.L52,L55,L56,L57 are made of ^ 

[0178] In the sixth embodiment, as described at>ove, silica glass (synthetic quartz) and fiuofite are also used as the 
lens materials (glass materials) and all the lens surfaces of the aspheric shape are formed in the lenses of silica glass. 
[0179] Rg. 14 is the optical path diagram of the projection optical system according to the seventh emt>odiment In 
this seventh embodiment, silica glass (synthetic quartz) is used as ttie principal material (second material) of the ra- 

20 diation-transmrtting refractors in the projection optical system and fluorite as the achromatizing material (first material). 
[0180] As shown in Fig. 14, the projection optical system of the seventii embodiment is a double waist type imaging 
optical system having the front lens unit GF of tiie positive refracting power, ttie aperture stop AS, and the rear lens 
unit GR of the positive refracting power In the order named from the first surface A dde. 

[0181] The front lens unit GF has a negative lens L11 of the biconcave shape, ttiree positive lenses L12 to L14 of 

25 the biconvex shape, a negative lens L1 5 of the meniscus shape with a convex surface facing to the first surface A side, 
a positive lens LI 6 of the meniscus shape with a concave surface facing to the first surface A side, a negative lens 
LI 7 of ttie meniscus shape with a convex surface facing to the first surface A side, two negative lenses LI 8, L19 of 
the biconcave shape, a negative lens L20 of the meniscus shape with a concave surface facing to the first surface A 
side, a positive lens L21 of ttie meniscus shape witti a concave surface fadng to ttie first surface A side, a positive 

30 lens L22 of ttie biconvex shape, a positive lens L23 of the meniscus shape witti a concave surface facing to the first 
surface A side, a positive lens L24 of the ijien'iscus shape with a convex surface facing to the first surface A side, a 
positive lens L25 of the biconvex shape, a negative lens L26 of the meniscus shape with a convex surface facing to 
the first surface A side, two negative lenses L27, L28 of the biconcave shape, and a positive lens L29 of the meniscus 
shape witti a concave surface facing to the first surface A side, in the order named from the first surface A side. Then 

35 the lens surface on the first surface A side of the negative lens L20, the lens surface on the first surface A side of the 
negative lens L27, and the lens surface on the second surface B side of the negative lens L28 are fomned as aspheric 
surfaces ASP1 , ASP2, and ASPS, respectively. Only ttie positive lens L29 closest to ttie second surface B and the 
positive lens 1J24 in ttiemiddlearemadeoffluoriteandttieottieriensesLII toL23, L25 to L28 are made all of sifica glass. 
[0182] The rear lens unit GR has two positive lenses L51 , L52 of ttie biconvex shape, a negative tens L53 of the 

40 meniscus shape witti a concave surface facing to the first surface A side, a positive lens L54 of ttie biconvex shape, 
three positive lenses L55 to L57 of the meniscus shape with a convex surface facing to the first surface A side, a 
negative lens L58 of the biconcave shape, and a positive lens L59 of the biconvex shape in the order named from the 
first surface A side. Here the four lenses L53, L54, L58, L59 are made as silica lenses and ttie ottier five lenses LSI , 
LSa, L56, L56, L57 are made of fiuonte. 

45 [0183] In the seventti embodbnent, as described above, silica glass (synttietic quartz) and fiuorite are also used as 
the lens materials (glass materials) and all ttie lens surfaces of the aspheric shape are fomied in the lenses of silica 
glass. 

[01 84] Next, the lens configuration of the projection optical system accordingto the eighth emt)odiment of the present 
example is the same as that of the second embodiment of Fig. 2. However, the second embodiment was designed to 

50 effect ttie chromatic aberration correction in the range of the wavelengtti band ±0.4 pm for the reference wavelengtti 
of 1 93.308 nm, whereas this eighth embodinnent Is arranged to effect the chromatic aberration correction in the range 
of FWHM (full widtti at half maximum) of 035 pm centered about 193.3 nm, i.e., in ttie range of 193.3 nm ±0.175 pm. 
This range is substantially equivalent to the color conection range of the second embodiment (the range of the wave- 
length band ± 0.4 pm for the reference wavelength). 

55 [0185] Table 4 to Table 8 below provide the specifications of ttie projection optical systems of ttie ttiird embodiment 
to ttie seventti embodiment, respectively. In Table 4 to Table 8, the left end column indicates numbers of the respective 
lens surfaces from ttie first surface A, ttie second column indicates radii of cunrature of the respectivie lens surfaces, 
the ttiird column indicates surface spacings from each lens surface to a next lens surface, the fourth column indicates 
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lens materials, the fifth column indicates symbols of the aspheric surfaces, the sixth column indicates the symbols of 
the respective lenses, and the seventh column indicates dear aperture diameters 0^ of the respective lens surfaces. 
A radius of curvature in the second column for each aspheric jens surface represents a racfius of curvature at a vertex 
thereof. The aspheric shape is expressed by foregoir^ Eq. (a). 

{Ol 86] In the last part of Table 4 to Table 8 there ar&presented the conical coeffident k and the aspheric coefficients 
A, B, C, D, E, F for each aspheric surface as [aspheric data]. 

[0187] In the third emkx>diment to the seventh embodiment, the refractive index at the reference wavelength (193.3 
nm), the change (dispersion) of r^racdve Index per wavelength -i- 1 pm, and specific gravity of silica glass (synthetic 
quartz) are as follows. 

refractive index of silica glass: 1 .560326 
dispersion of silica ^ass:-1 .591 x10-^/pm 
specific gravfly of siQca glass: 2.2 

15 [01 881 Further, the refractive index at the above r^erence wavelength (1 93.3 nm), the change (dispersion) of refrac- 
tive index per wavelength -i- 1 pm, and the specific gravity of fluorite are as follows. 

refractive index of fluorite: 1 .501 455 
dispersion of fluorite: -0.980 x 1 0^lpm 
20 apedfic gravity of fluorite: 3.1 8 

[0189] In Table 4 to Table 8 below, SiO^ indicates silica glass, CaF2 fluorite, dO the distance from the first surface A 
to the lens surface closest to the first surface A, and WD the distance from the lens surface dosest to the second 
surface B, to the second surface B (workpieceing distance). 
25 [01901 Being common to the third embodiment to the seventh embo(fiment, the numerical aperture NA of the pro- 
jection optical system (the maximum numerical aperture NAw on the second surface B side), the projection mE^ffi- 
cation p, and the diameter 0 of the image drde on the second surface B are as follows. 

3^ NA=0.75 

P = -1/4 

35 

0 - 27.5 mm 



40 

Third Enbodiment (Fig. 10) 
dO = SS.OOOOOKmi) 
^ WD = iK000007(iB) 

Radius of Spacing Glass Aspheric Lens 4>^tt 



50 



curvature surface 
(m) (nm) (mm) 

1: 709L4290S 15.000000 Si02 ASP! Ill 65.764267 
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2: 


355.28402 


26.433708 




5 


3: 


-130.38826 


25.918810 


Si02 




4: 


-754.54900 


17.524438 






S: 


-184.75652 


50.000000 


Si02 


10 


^' 


-201.31203 


1.000000 






7: 


-19890.02238 


49.483069 


Si02 


15 


8: 


-316.51565 


1.000000 






9: 


1245.95085 


42.403865 


Si02 




10: 


-498.42771 


66.560407 






11: 


278.47126 


51.637906 


Si02 




12: 


-5012.84861 


1.000000 




25 


13: 


289.66134 


44.179422 


Si02 




14: 


r2001. 37857 


42.267253 




30 


15: 


790.93523 


49.069868 


Si02 




16: 


135.96684 


33.309217 






• 17: 


"-26r.87840 


"17;040059 


Si02 


35 


18: 


270.92888 


19.267729 






19: 


-142.62085 


16.121708 


Si02 


40 


20: 


178.57511 


16.822454 






21: 


-421.32209 


50.000000 


Si02 


45 


22: 


-259.46576 


1.000000 






23: 


-2487.25765 


50.000000 


Si02 




24: 


-308.14629 


76.768520 




SO 


25: 


280.00000 


41.127434 


Si02 




. 26: 


-720.48955 


1.000000 




55 


27: 


QO 


42.733304 





ASP2 



ASP3 



ASP4 



L12 



L21 



67.469398 
67.72SS63 
83.206055 
83.795761 
106.116302 
L22 122.397278 
129.413116 
L23 138.357544 
140.000000 
L24 141.615372 
139.454163 
L25 129.500671 
124.865738 
L31 91.125748 
65.088898 
'L32- -61; 547058- 
57.542892 
57.458405 
61.534664 
61.972908 
76.112648 
79.889153 



L33 



Ul 



L42 



88.439072 
L43 108.679848 
108.229263 
AS 106.832184 
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28: 


-291.63339 


24.106015 


Si02 




LSI 


104.909050 


29: 


462.50054 


3.915270 


- 


ASPS 




111.616905 


30: 


471.58425 


40.504164 


Si02 




152 


112.104271 


31: 


-415.23032 


1.000000 








114.105286 


32: 


454.04392 


43.243602 


Si02 




153 


118.187286 


33: 


-454.04392 


16.312093 






- 


117.964470 


34: 


165.07875 


34.495142 


Si02 




L54 


104.927750 


35: 


339.14804 


1.000000 








100.211807 


36: 


150.00000 


50.000000 


Si02 




LS5 


92.390938 


37: 


224.50669 


1.706390 








75.144737 


38: 


129.56425 


36.373254 


Si02 




L56 


69.153374 


39: 


270.95319 


6.298515 




ASP6 




54.786152 


40: 


-21804.34155 


50.000000 


Si02 




L57 


53.646206 


41: 


oo 


(WD) 


• 






26.202827 


jAspheric Data] 










ASPl 






ASP4 






K 


: 0.000000 






K : 


0.000000 


A 


: 0.961814x10-' 




A : 


0.408033 X 1 0-' 


B 


: -0.378122 X 1 Q-** 




B : 


-0.582850X 1 0-** 


C 


: 0.392716X 1 




C : 


0.132297X 1 0-'« 


D 


: 0.424498X 1 0"" 




D : 


0.117896X 1 0-*» 


E 


: -0.220614 X 1 0"" 




E : 


-0. 974397 X 1 O"'* 


F 


: 0.200305X 1 




F : 


0.578268X 1 
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ASP2 



K : 


0.000000 




A ; 


0.263695 X 1 0 


-T 


B : 


-O.ooZbSoX 1 U 


-13 


C : 


0.290428 X 1 0 


•16 


D : 


0.285450 X 1 0 


-2 1 


E : 


-0.170241 X I 0 


-24 


F : 


0. 929230 X 1 0 


-39 


ASP3 


K : 


0.000000 




A : 


-0.889053 X 1 0 


-« 


B : 


-0.224185 X 1 0 


-12 


C : 


-0.211101 X 1 0^ 


-17 


D : 


-0; 108571 X 1 0 




E : 


0.470441 X I 0 


-37 


F : 


0. 130782 X 1 0 


-3 I . 



ASPS 



K 


: 0.000000 




A 




-7 


B 


: -0. 146992 X 1 0 


-13 


C 


: -0.448096 X 1 0 


-17 


D 


: -0.180733 X 1 0 


-23 


£ 


: 0.986636 X 1 0 


-37 


F 


: -0.118893 X 1 0 


-3 1 



ASP6 



K : 0.000000 

A : -0.256013 X 1 0"' 

B : -0.517336 X 1 0"'* 

C : 0.740082X 1 O"** 

'D -T -0;106082x 1 a-'* 

E : 0.506294X 1 

F : -0.312361 X 1 0"*' 



4:TABLE 5]^ 

Fourth Enbodiment (Fig. 11) 
d 0 = 61.517734(bb) 
WD = 11.723518(m) 

Radius of facing Glass A^heric' Lens 0»ff 
curvature surface 
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(mi) (mi) (on) 



9 


i • 
I • 


ficn 22148 


IS 762264 


Si02 


ASPl 


111 


67.516739 




z: 












68 621668 


10 


3: 


.ion nA7AA 




oiu ^ 




L12 


69 040245 




4: 


-1436.04708 


14.1 9 woU 








DO eAQ7QD 


15 


5: 


-ZoZ. 93413 


49.o0ldl4 






r 91 


OQ 977CA9 

09 .611 046 




6: 


'204.39549 


« AAAAAA 

1.000000 








mo noA04o 




7: 


4807.74825 


47.70o9ol 


oiu2 




7 99 


1 OA OOQOOil 


20 


8: 


-334.63584 


1.000000 








t 4A C00004 

130.588333 




9: 


943.02750 


38.323507 


Si02 




L23 


t AO W9nwu*wt A 

138.787674 


25 


10: 


-755.20042 


52.297712 








139.999893 




11; 


314.45430 


52.295370 


Si02 




L24 


142.105682 


30 


12: 


-1342.07699 


1.000000 








140.302780 


13: 


220.89539 


44.997489 


Si02 


ASP3 


L25 


4 AP AAA AAA 

125.209908 




14: 


1112.83084 

• • 


35.915976 








119.146675.^ 


35 


15: 


578.45483 


47.943238 


Sl02 




f 01 


94,040919 




16: 


137.079OO 


Oil o^cc^ft 
o4. 940900 








00. 1^1 


40 


If. 




99 821650 






L32 


64.390198 


lo: 




1Q 77ARS9 








59.085491 




19: 


-144.74289 


15.000000 


Si02 




1.33 


58.975883 


45 


20: 


182.17660 


18.923653 




ASP4 




62.526440 




21: 


-316.81092 


50.000000 


Si02 




L41 


62.945671 


50 


22: 


-235.35205 


1.000000 








77.530685 




23: 


-1288.79277 


48.502244 


Si02 




U2 


81.365692 




24: 


-310.15694 


87.817988 








90.067673 
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25: 


280.00000 


44.217287 


CaF2 




143 


114.022461 


26: 


-726.81420 


1.000000 


- 






113.702507 


27: 


CX3 


34.906154 






AS 


112.151863 


28: 


-321.35755 


24.106015 


Si02 




L51 


111.345039 


29: 


527.14450 


3.208930 




ASPS 




117.654945 


30: 


526.07539 


41.883852 


Si02 




L52 


117.834465 


31: 


-420.10068 


1.000000 








119.874275 


32: 


501.17942 


44.518152 


Si02 




L53 


124.057274 


33: 


-518.35529 


23.847453 








123.851112 


34: 


187.05620 


37.766684 


Si02 




LS4 


111.266914 


35: 


401.71759 


3.209637 




• 




105.841919 


36: 


150.18738 


50.000000 


8102 




LSS 


96.210228 


37: 


247.90367 


7.654279 








80.668587 


38: 


129.88090 


35.932549 


Si02 




L56 


70.574219 


39: 


296.77641 


6.269996 




ASP6 




57.089531 


40: 


-55171:62371 ' 


50.000000 


•Car 2 




L57 


-55.946609 


41: 


8863.22783 


(WD) 








26.976627 



[Aspheric Data] 



ASPl ASP4 



K 


: 0.000000 


K 


: 0.000000 


A 


: 0.973900x 1 0"' 


A 


: 0.607276X 1 0"' 


B 


: -0.304719x 1 0"" 


B 


: -0.700544X 1 0"** 


C 


: 0.103626 X 1 


C 


: 0.760900 X 1 O"*' 


D 


: 0.933452x 1 0"" 


D 


: 0.201180X 1 O"*' 
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E : 


-0.259784X 1 0"" 


5 


F : 


0.281860X 1 . 




ASP2 




10 








K : 


0.000000 


15 


A : 
B : 


0. 525544 X 1 0 
-0.471274X 1 0"" 




C : 


0.546888X 1 O-*' 


20 


D : 


-0. 177219 X 1 0-*' 








25 


F : 






ASPS 




30 






K : 


0.000000 






-0.378457x 1 0-?.. 


35 


B : 


-0. 141446 X 1 0-»» 




C : 


-0.231375 X 1 0"*' 


40 


D : 


-0.721926 X 1 0-" 




£ : 


-0.407320 X 1 


45 


F • 


-0. 595894 X 1 0"'* 


50 


STABLE 






Fifth Enbodisent (Fig. 12) 


55 


dO = 


= 55.000003(01) 



E : -0.160443X 1 Q-" 
F : 0.856074X 1 0-»» 



ASPS 



K : 0.000000 

A : 0. 157329 X 1 0"' 

B ; -0.167548X 1 0"" 

C : -0.304998 X 1 0'" 

D : -0.499814X 1 0"" 

E : 0.552478X 1 

F : -0.684401 X 1 0'" 

ASP6 



K : 0.000000 

..-A.-.:..,rja..l83007xA.Q 

B : -0.320743 X 1 0"'* 

C : 0.474775x 1 0-'" 

D : -0.990352X 1 0"" 

E : 0.269071X 1 0-" 

F : -0. 170233 X 1 O"'* 
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WD = 10.999994(iim) 

Radius of Spacing Glass Aspheric Lens ^.tf 
curvature surface 
(bd) (hb) (bid) 



1: 


oo 


15.000000 


Si02 




111 


65.321190 


2: 


314.62704 


27.244624 




ASPl 




67.796265 


3: 


-123.18686 


27.378474 


Si02 




L12 


68.086769 


4: 


-266.68374 


14.602794 








82.068336 


5: 


-150.00000 


50.000000 


Si02 


ASP2 


L21 


82.538231 


6: 


-244.34192 


1.000000 








110.219063 


7: 


-1198.84474 


44.914055 


Si02 




L22 


122.357353 


8: 


-232.66356 


1.000000 








127.431076 


9: 


S27S.64252 


43.090859 


Si02 




L23 


137.635925 


10: 


-360.63034 


5.030036 








139.581192 


11: 


285..725.83_ 


_4.T._57T067 


Si02 . 


........ 


.^,L24 


. 139.546677, 


12: 


4561.05389 


6.030041 








136.970505 


13: 


212.35017 


50.000000 


Si02 




L25 


124.093590 


14: 


796.03296 


35.691263 








116.083298 


15: 


762.23216 


50.000000 


Si02 




L31 


95.138901 


16: 


147.63565 


50.187741 




ASPS 




69.070221 


17: 


-185.70008 


15.000000 


Si02 




L32 


61.216537 


18: 


639.43295 


15.701720 








59.080795 


19: 


-153.51758 


15.000000 


Si02 




L33 


59.002586 


20: 


185.58159 


20.611177 




ASP4 




63.036831 


21: 


-255.87716 


50.000000 


CaF2 




L41 


63.577843 
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22: 


-249.68S27 


3.980529 








80.211006 


23: 


-3778.76287 


35.000000 






L42 


86.501961 


24: 


-224.75345 


129.5995S7 








90.822037 


25: 


280.00000 


50.000000 


Si02 




143 


120.569611 


26: 


-913.12886 


10.916703 








119.561447 


27: 


oo 


33.865871 






AS 


117.247459 


28: 


-361.62622 


24.106015 


Si02 




LSI 


115.516739 


29: 


416.11728 


5.557131 




ASP5 




118.568176 


30: 


416.69495 


44.381334 


Si02 




LS2 


119.5490S7 


31: 


-543.90687 


1.000000 








120.733887 


32: 


590.20673 


38.166548 


Si02 




LS3 


121.085487 


33: 


-590.20673 


24.232291 








120.207893 


34: 


180.00000 


39.243850 


Si02 




L54 


108.463890 


35: 


309.38340 


8.819688 








101.371346 


36: 


150.00000 


50.000000 


Si02 




L5S 


92.781006 


,37: . 


-.225.00345. 


.1.166306 




ASP6 


- 


....77.138145, 


38: 


114.38119 


43.612328 


CaF2 




LS6 


70.172379 


39: 


390.97069 


5.290357 








54.909901 


40: 


-7097.28080 


50.000000 


CaF2 




L57 


53.587784 


41: 


OO' 


(WD) 








25.551462 



[Aspheric Data] 
ASPl 

fc : 0.000000 

A : -0.969228X 1 0" 



ASP4 

K : O.OpOOOO 

A : 0. 506090 X 1 0-' 
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B : 


0.326972 X 1 0"" 


B : 


-0.926440 X 1 0-" 


5 


C : 


-0.944059X 1 O"** . 


C : 


0.292340X 1 0-" 




D : 


0.473154 X 1 0-" 


D : 


0.202698X 1 0-" 


10 


£ : 


n '70O9COV 1 A ~X 


Jc. : 


-U.Zo4077X 1 0 


F : 


"O.DoZvD^X I U 


J* : 


O.IZolTTX 10 


15 


ASP2 




ASPS 






K : 


0.000000 


K : 


0.000000 


20 


A : 


-0.243951 X 1 0-' 


A : 


0. 142370 X 1 Q-' 




B : 


-0.120134X 1 0-** 


B : 


0.564687X 1 0-'' 


25 


C : 


-0.659871 X 1 0-'* 


C : 


-0.238454X 1 0-" 




D : 


-0.399458 X 1 0"?* 


D : 


-0.Z31787X 1 0-" 




E : 


-0.878285 X 1 0"" 


E : 


0. 248738 X 1 0"" 


30 


F : 


-0.231429 X 1 


F : 


-0.396109X 1 0"" 



35 


ASP3 




'-ASP6 








K : 


0.000000 


K : 


0.000000 




40 


A : 


0.293300 X 1 0-' 


A : 


0.328323 X 1 0 


-f 




B : 


0.197746 X 1 0-" 


B : 


-0. 104463 X 1 0 


-1 1 


45 


C : 


0.885710 X 1 0-** 


C : 


-0. 354474 X 1 0 


-IS 


D : 


0.335600 X 1 0-" 


D : 


-0. 125502 X 1 0 


-?0 




- E : 


-0.761535 X-1 0-" 


E : 


-0.370501X 1 0 




SO 


F : 


0.365525 X 1 0"*' 


F : 


0. 157184 X 1 0 


-28 
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Sixth Eibodinent (Fig. 13) . 
d 0 = 63.749760(im) 
WD = 11.204291(i«) 





Radius of 


Spacing 


Glass 


Aspheric Lens ^« 




PlTVmf IITP 






surface 








VJBJII/ 






( 


1: 


'384.26106 


15.000000 


Si02 


111 


65.998985 


2: 


281.85126 


11.978853 






71.535873 


3: 


348.95782 


28.971808 


Si02 


L12 


77.330864 


4: 


-344.97594 


1.000000 






79.541092 


5: 


838.59364 


22.091944 


Si02 


L13 


82.133408 


6: 


-491.36531 


1.000000 






82.994720 


7: 


404.67369 


24.295064 


Si02 


L14 


83.439461 


8: , 


-747.56330 


1.000000 






82.796455 


9: 


231.07842 


15.000000 


Si02 


L15 


79.702614 


10: 


134.40371 


10.555015 






74.346352 


11: 


220.98194 


31.018759 


Si02 


L16 


74.341751 


12: 


-376.01279 


1.000000 






72.918823 


13: 


-2565.43982 


31.296610 


Si02 


L17 


70.508438 


14: 


150.78493 


21.342695 






61.532974 


15: 


-265.42164 


15.000000 


Si02 


L18 


61.468307 


16: 


205.74686 


22.633359 






62.887703 


17: 


-175.10057 


15.000000 


Si02 


L19 


63.156342 


18: 


384.28896 


26.307128 






73.675224 
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10 



50 



19: 


-337.20967 


15.000000 


Si02 


ASPl 


L20 


81.524727 


20: 


'2865.09055 


11.890080 








92.491890 


21: 


-355.33094 


23.660088 


Si02 




L21 


93.401833 


22: 


-212.64088 


1.000000 








100.326263 


23: 


9025.03298 


37.428886 


Si02 


• 


122 


118.812363 


24: 


-307.87323 


1.000000 








123.020493 


25: 


-3478.34934 


35.232416 


Si02 




L23 


131.558868 


26: 


-350.00000 


1.000000 








134.129471 


27: 


655.38208 


4S.610359 


Si02 




124 


139.999451 


28: 


-513.31974 


1.000000 








140.078323 


29: 


213.32620 


57.138993 


Si02 




L25 


130.179550 


30: 


-4397.04839 


33.096623 








126.273247 


31: 


887.72778 


15.000000 


Si02 




L26 


100.220100 


32: 


161.65056 


57.435235 








85.838745 


33: 


-157.17781 


15.000000 


Si02 


ASP2 


L27 


82.709534 


34: 


- 219.87361 


-32.150950 








84.204674. 


35: 


-255.39120 


15.000000 


Si02 




128 


84.510979. 


36: 


-8581.78601 


11.405070 




ASP3 




93.478951 


37: 


-388.87067 


44.944016 


CaF2 




LZ9 


94.167152 


38: 


-218.37501 


1.000000 








106.093346 


39: 


oo 


14.244161 






AS 


113.779617 


40: 


2733.87010 


44.018422 


CaF2 




151 


121.696854 


41: 


-283.88458 


1.000000 








124.288734 


42: 


336.30525 


43.993297 


CaF2 




L52 


133.359390 


43: 


-1641.020S2 


26.208757 








133.284454 


44: 


-305.07796 


25.000000 


Si02 




LS3 


133.233185 
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9.225281 

38.550758 Si02 

1.000000 
39.284351 CaF2 

1.000000 
37.746739 CaF2 

1.057673 

33.580626 CaF2 

7.325751 
50.000000 Si02 

2.326181 

50.000000 Si02 
(WD) 



137.790878 
L54 139.115891 
138.525772 
LS5 126.898781 
122.815582 
LS6 111.402145 
104.079216 
L57 93.513443 
84.815453 
LS8 83.638657 
53.309875 
L59 52.367188 
26.519352 



45: 


-428.53617 


46: 


704.67535 


47: 


-708.09492 


48: 


210.28367 


49: 


533.77492 


50: 


178.50760 


51: 


379.62268 


52: 


169.01250 


53: 


510.82832 


54: 


4574.64963 


55: 


379.11421 


56: 


563.01655 


57: 


-4692.22208 



[Aspheric Data] 



" ASPT^ 



K 


: 0.000000 




A 


: 0.216518X 1 0 


-7 


B 


: 0. 109348 X 1 0 


-11 


C 


: 0.396907 X l 0 


- 1 6 


D 


: 0. 177070 X 1 0 


-30 


E 


: 0.301350 X 1 0 




F 


: 0.748178X 1 0 


-39 



ASP2 



K 


: 0.000000 




A 


: -0.170958X 1 0 




B 


: 0.631731x 1 0 


-13 


C 


: -0.315858 X 1 0 


-I • 


D 


: 0.957027X 1 0 


-31 


E 


: -0.298216 xTO 


-38 


F 


: -0.655478 X 1 0 


-39 
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K 


: 0.339337 




A 


: 0.468446 X 1 0 


-8 


B 


: 0.323507 X 1 0 


-n 


C 


: -0 •277057 X 1 0 


-It 


D 


: 0*454850x 1 0 




£ 


: -0.183005 X 1 0 




F 


: 0. 121371 X 1 0 


-28 



CTABLE 81 

Seventh Eabodiment (Fig. 14) 
dO = 63.749746(ibb) 
WD = 13.389654(bb) 

Radius of Spacing Glass Aspheric Lens 0.ff 
curvature surface 
(nm) ' Xvi) 



1: 


-396.81755 


15.164101 


Si02 


Lll 


66.032784 


2: 


318.45576 


29.207879 






71.297302 


3: 


732.28117 


25.666287 


Si02 


L12 


83.471970 


4: 


-379.10485 


1.000000 






86.041710 


5: 


525.04598 


29.799021 


Si02 


L13 


90.425125 


6: 


-386.1Z241 


1.000000 






91.317108 


7: 


296.71481 


27.521447 


Si02 


L14 


91.079468 


8: 


-1834.92841 


1.000000 






89.757446 


9: 


178.21689 


15.000000 


Si02 


L15 


84.396111 
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10: 


128.82838 


30.507210 








77.857750 


5 


11: 
IZ: 


-912.34305 
-290.65675 


18.141324 
1.000000 


Si02 




L16 


77.741890 
77.271347 


10 


13: 


2184.51382 


47.405470 


Si02 




117 


74.290833 


14: 


188.39849 


24.667168 




• 




65.022842 




15: 


-180.63293 


15.000000 


Si02 




L18 


64.974625 


15 


16: 


308.32087 


19.189943 








68.677689 




17: 


-233.12081 


15.000000 


Si02 




L19 


68.994057 


20 


18: 


439.39083 


32.120556 








79.245667 




19: 


-336.14512 


15.000000 


Si02 


ASPl 


L20 


89.338654 




20: 


-2278.87871 


10.459773 








101.857063 


25 


21: 
22: 


-456.23451 
-254.53495 


24.690274 
1.000000 


Si02 




L21 


102.820465 
110.024078 


30 


23: 
24: 


2814.34795 
-244.85996 


54.862219 
1.000000 


Si02 




L22 


131.136322 
135.344131 


35 


-25: 


-1838.77632 


33.926267 


Si02 




L23 . 


1.44.103^9. 


26: 


-387.77935 


l.OOOOOO 








146.107864 




. 27: 


350.00000 


44.271958 


CaF2 




124 


149.999664 


40 


28: 


22107.52832 


1.000000 








148.725906 




29: 


254.93631 


55.237937 


Si02 




L25 


141.298035 


45 


30: 


-6319.95498 


31.357005 








137.595520 




31: 


664.06027 


18.849345 


Si02 




L26 


112.356766 


50 


32: 


185.98655 


69.Z07456 








96.853653 


33: 
34: 


-174.34160 
227.17956 


15.000000 
38.807665 


Si02 


ASP2 


L27 


91.180862 
92.023659 


55 


35: 


-241.62100 


15.000000 


Si02 




L28 


92.325920 
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36: 


4079.61757 


15.799849 


ASP3 




103.721855 


37: 


-376.03073 


39.964600 


CsF2 


L29 


104.289635 


38: 


-218.60371 


1.000000 






114.670761 


39: 


oo 


6.289754 




AS 


125.662186 


40: 


1034.55937 


49.970241 


CaF2 


LSI 


133.965057 


41: 


-321.64602 


1.000000 






136.199570 


42: 


468.84931 


48.186456 


CaF2 


L52 


143.242279 


43: 


-704.77302 


17.319103 






143.524338 


44: 


-346.54415 


25.000000 


Si02 


LS3 


143.458008 


45' 


-611.18135 


5.972669 






147.975433 


46- 


506.91799 


50.000000 


Si02 


L54 


150.196625 


47- 


-1493.04288 


6.590003 






148.599213 


48- 


277.37401 


50.000000 


Car 2 


L5S 


139.059814 


49- 


1289.11360 


7.965482 






133.022858 


50: 


179.54228 


44.409645 


CaF2 


L56 


114.913353 


51" 


446.48076 


1.057673- 






106.338089 


52: 


182.12642 


32.279024 


CaF2 


L57 


95.185760 


CO • 

do: 




R 108756 






86.695763 


54: 


-10831.21505 


50.000000 


Si02 


L58 


85.506866 


55: 


322.39407 


2.037539 






54.834679 


56: 


399.72415 


50.000000 


Si02 


L59 


53.968300 


57: 


-1901.87993 


(WD) 






29.165956 



[Aspheric Data] 



ASPl ASPS 



47 



EP1 139138A1 



K I 


0.000000 






/c 


: 0.000000 








A : 


0.894266 X 


1 


Q-8 


A 


: -0.155031 X 


1 


0 


-7 


B : 


0.474065 X 


1 


Q-il 


B 


: 0; 622128 X 


1 


0 


-12 


C : 


0. 152423 X 


1 


Q-M 


C 


: -0. 259658 X 


1 


0 




D : 


0. 302088 X 


1 


Q-2. 


D 


: 0.943107 X 


1 


0 


-2 1 


E : 


0. 257776 X 


1 


0-2$ 


E 


: -0.288354X 


1 


0 


-J5 


•F : 


-0. 100658 X 


1 


Q-SO 


F 


: 0.360267X 


1 


0 


-30 


ASP2 


















K : 


















A : 


U«4f ^SjD f X 


1 


n -» 
u 












:B : 


0.240757X 


1 


Q-l» 












C : 


-0.215896 X 


1 


Q-1. 












D : 


0. 217268 X 


1 














E : 


-0.736783 X 


1 














F : 


0. 336149 X 


1 















40 [01 91 ] Now Table 9 below presents numerical values corresponding to the conditions in the third embodiment to the 
seventh embodiment, and in the eighth embodiment (equivalent to the second embodiment). In Table 9, 12 Indicates 
the focal length of the rear lens unit GR, NA indicates the numerical aperture on the second surface B side of the 
projection optical system (= the image-side maximum numerical aperture NAw), 0 indicates the diameter (mm) of the 
image circle, p indicates the projection magnification, y md'icates the reduced use amount (leg) of fluorite as a disk 

45 member, yP indicates the use amount (kg) of fluorite as the lenses themselves (shape material), and A hdk:ate$ the 
number of aspheric surfaces. 



•TABLE 9» 



so 





f2 


NA 


0 


IPI 


y 


yP 


A 


(mm) 


(NAw) 


(mm) 


(kg) 


(kg) 


Emt)odiment3 


128.0 


0.75 


27.6 


0.25 


0.0 


0.0 


6 


Embodknent4 


134.2 


0.75 


27.5 


0.25 


8.6 


5.8 


6 


Embodiments 


140.2 


0,75 


27.5 


0.25 


13.5 


10.3 


6 


Embodiment 6 


141.6 


0.75 


27.5 


0.25 


45.2 


24.7 


3 
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•TABLE 9» (continued) 



5 





f2 


NA 


0 




y 


yP 


A 


(mm) 


(NAw) 


(mm) 


(kg) 


(kg) 


Embodiment 7 


156.4 




27.5 


0.25 


65.9 


37.3 


3 


Embodiment 8 


128.3 


0.75 


26.6 


0.^ 


14.1 


7.9 


6 



[01 92] Next, Table 1 0 provides the fluorftc amount y In Rg. 8 and Rg. 9, and the results of calculation of the param^er 
X (=: f2 • 4 Ipl • NAw^ for each of the embodiments, based on above Table 9. Table 1 0 further presents values of f2/NAw, 
which are calculated by dividing the focal length f2 of the rear lens unit GR by the image-side maximum numerical 
aperture NAw (s NA) of the projection optical system, for each ol the enriboc^ 



«TABl^ 10- 



15 



20 



25 





x (=42*4ipl . NAw^ 


y (amount of fiuorite) 


f2/NAw 


(mm) 


(kg) 


(mm) 


Embodiment 3 


72.000 


0.0 


1 70.67 


Embodiment 4 


75.488 


8.6 


1 78.93 


Embodiment 5 


78.863 


13.5 


1 86.93 


Embodiment 6 


79.650 


45.2 


188.80 


Embodiment 7 


8 7. 9 7 5 


65.9 


2 0 8. 5 3 


Emk>odiment 8 


72. 1 69 


14.1 


1 71.07 



[01 93] The datei A3 to A8 (A2) of (x, y) in the third embodiment to the eighth embodiment (the second embodiment), 
obtained from Table 10, are plotted in Fig. 8 and Rg. 9. These data A3 to A8 are all in the range of the region B5 and 
the regton C5. and thus these embodiments satisfy the conditions (1 1 ) to (1 4) and the conditions (1 5) to (1 8). Further, 
these embodiments all satisfy the conditions (d-1 ), (d-2). The third embodiment to the sixth embodiment, and the eighth 
embodiment (the second embodiment) saidsfy the condition (e). 

[0194] The third eml)odiment to the fifth embodiment, and the eighth embodiment (the second embodiment) satisfy 
the conditions (19), (20), and the sixth ennbodlment and the seventh embodiment satisfy the conditions (21), (22). 
[0195] Next, Table 1 1 presents the values corresponding to the conditions of the above embodiments concerning 
the conditions (b-1), (b-2) and (c-1), (c-2) of the aspheric shape. In Table 11 , the lens number Indicates a number of 
the lens having the first aspheric surface when counted from the first surface side, in the projection optical system of 
each embodiment, and the surface number of aspheric surface a number of the aspheric surface from the first surface. 
The principal curvature Ca is a local, principal curvature near the center of the optical axis of the aspheric surface and 
is calculated according to Eq (tM). The prindpal curvature Cb is a local, principal curvature in the meridional directkm 
of the extreme marginal region of the dear aperture diameter of lens and is calculated according to Eq (b^). 



•TABLE 11 » 



.45. 



50 





Embodiment 3 


Embodimerit 4 


Emt>odiment5 


Embodiment 8 


Lens number 


1 


1 


1 


1 


Surface number of aspheric surface 


1 


1 


2 


2 


•I- or - of refracting power 


+ 


+ 






Clear aperture diameter (mm) 


65.8 


67.5 


67.8 


66.6 


Principal cunrature Ca 


-0.00014 


-0.00118 


-0.00318 


0.00329 


Principal cunmture Cb 


-0.00308 


-0.00507 


0.00000 


-0.00234 


Cb/Ca 


21.860 


4.309 


0.000 


-0.711 



[0196] It is seen from this Table 11 that the third enrtbodiment to the fifth embodknent, and the eighth embodiment 
(the second embodiment) satisfy the conditions (b-1). (b-2), and (c-1), (c-2) concerning the aspheric shape. 
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[0197] in the next place, Rg. 15 to Rg. 20 show the lateral aberration charts on the second surface B of the projection 
optical systems according to the third embodiment to the eighth embodiment (the second embodiment, respecdvely. 
[01981 Here F^. 15(A) to Rg. 19(A) are the lateral aberratbn charts in the meridional direction at the Image Keight 
Y = 13.75» Rg. 15(B) to Rg. 19(B) the lateral aberration diagrams in the meridional direction at the image height Y = 
5 6.875, Rg. 1 5(C) to Rg. 1 9(C) the lateral abenration diagrams in the meridional direction at the image height Y = 0 (on 
the optical axis), Rg. 15(D) to Rg. 19(D) the lateral at>erration diagrams in the sagittal direction at the Infiage height Y 
r= 1 3.75, Rg. 1 5(E) to Rg. 1 9(E) the lateral abenration diagrams in the sagittal direction at the image height Y = 6.875, 
and Rg. 15(F) to Rg. 19(F) the lateral abenration diagrams in the sagittal direction at the image height Y = 0 (on the 
opticaJ axis). 

10 [0199] Rg. 20(A) is the lateral aberration chart in the meridional direction at the image height Y 13.3, Rg. 20(B) 
the lateral at>erration diagram in the meridional direction at the image height Y = 6.65, Rg. 20(C) the lateral at>erTation 
diagram in the meridional direction at the image height Y = 0 (on the optical axis), Fig. 20(D) the lateral atierration chart 
in the sagittal (Erection at the image height Y = 13w3, Rg. 20(E) the lateral at>erratlon diagram in the sa|^ direction 
at the image height Y = 6.65, and Fig. 20(F) the lateral abenration diagram in the sagittal direction at the image hei£^ 

IS Y = 0 (on the optical axis) 

[0200] In each of the lateral aberration charts of Rg. 1 5 to Rg. 20, a solid line represents an aberration curve at the 
wavelength X. - 1 93.3 nm (the reference wavelength), a dashed line an aberration curve at the wavelengtii X = 1 93.3 
nm + 0.175 pm (the reference wavelengtii 0.175 pm), and a chain line an abenration curve at the wavelength X = 
193.3 nm - 0.175 pm (the reference wavelength - 0.175 pm). 

20 [0201] As apparent from Rg. 15 to Fig. 20, in the projection optical system of each embodiment, the chromatic 
aberration is corrected well across the wavelength region of 10.1 75 pm. 

[0202] Each of the projection optical systems of tiie third embodiment to the seventh embodiment has the circular 
image field having the dianneter of 27.5 mm and can ensure the rectangular exposure area, for example, having the 
widtii of about 8 mm in the scanning direction and the widtti of about 26 mm in the direction perpendicular to the 
25 scanning direction. In the Image field. When the projection optical systems of these emk>odimenls are ^lied to those 
of the scanning exposure type projection exposure apparatus of the step-and-scan method, the stitch-and^scan meth- 
od, and so on, high throughput can be yielded accordingly. 

[0203] In the foregoing examples, the rectangular exposure area was employed In consideration of application of 
the projection optical system PL of each embodvnent to the scanning exposure.apparatus, but the shape of the expo- 
30 sure area can be any area included in the circular image field; e.g., eitiier of various shapes including the hexagonal 

shape, isosceles trapezoid, scalene trapezoid, rtiomtK>id, square, arc, and so on. 

[0204] The foregoing projection optical systems PL of the first embodiment to the seventh embodiment can be applied 
to the projection exposure appamtus of the embodiment shown in Fig. 5. Rg. 5 describes an example using the F2 
laser source as a light source and using the first embodiment as the projection optical system PL, but, for application 
35 of the projection optical systems PL of the second to seventh embodiments optimized for the ArF excimer laser, the 
fundamental stmcture of exposure apparatus except for the light source is also substantially the sarne as that in Fig. 5. 
[0205] Hie embodiment of the exposure appamtus according to the present invention wll I be described with reference 
to Rg. 5. 

[0206] Rg. 5 is a drawing to show the schematic structure of the projection exposure apparatus according to the 

40 embodiment. In Rg. 5 an XYZ coordinate system is adopted. 

[0207] The exposure apparatus according to the ennbodiment results from application of the present Invention to the 
projection exposure apparatus using the Fg laser source as an exposure light source and the refracting optical system 
as the projection optical system. The projection exposure apparatus of the present embodiment employs the step-and- 
scan method of sequentially transferring a pattem image of a r^ide into one shot area on a sut>strate by synchronous 

45 scanning of the reticle and the substrate In a predetermined direction relative to an Qlumlnation area of a pred^ermlned 
shape on the reticle. Such exposure apparatus of the step-and-scan type can transfer the pattem of the reticle Into the 
wider area on the substrate than the exposure field of the projection optical system. 

[0208] In Fig. 5, the laser light source 2 has a conrtbination of a fluorine dinner laser (Fg laser) having the osdliation 
frequency of 1 57 nm with a band narrowing device, for example. The F2 laser has FWIHM of about 1 .5 pm in spontaneous 
50 emission and this F2 laser Is combined witti the band narrowing device to obtain laser light witii FWHM of about 0.2 
pm to 0.25 pm. 

[0209] The laser light source 2 in the present ennbodiment can be one of light sources emitting light in the vacuum 
ultraviolet region of the wavelengttis of at>out 120 nm to about 180 nm; e.g., the krypton domer laser (Kr2 laser) having 
the osdliation wavelength of 146 nm, the argon dimer laser (Ar2 laser) having the oscillation wavelength of 126 nm, 
55 and so on. 

[021 0] The pulse laser light (illumination light) from the laser'light source 2 is deflected by a deflection mirror 3 toward 
a light delaying optical system 41 to be temporally divided into a plurality of beams with an optical path diffierence of 
not less ttian the temporal coherence length of the illumination light from the laser light source 2. The l^ht delaying 
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optical system of this type is disdosed, for example, in Japanese Patent AppFtcations K^d-Open No. H01-1 98759 and 
Laid-open No. H11 -174365. 

[0211] The Blumination light emitted from the light delaying optical system 41 is deflected ty a path deflection mirror 
42 and thereafter travels successively through a first fl/s eye lens 43, a zoom lens 44, and a vibrating mirror 45 to 

5 reach a second fly's eye lens 46. A switching revolver 5 for an aperture stop of an illumination optical system, which 
is for setting the effective size and shape of light source to desired ones, is located on the exit side of the second fl/s 
eye lens 46. In the present example, the size of the beam into the second ft/s eye lens 46 is variable by the zoom 
lens 44, in order fo reduce loss In quantity of light at the aperture stop of the illumination optical system. 
[0212] The beam emerging from the aperture of the aperture stop of the illumination optical system travels through 

10 a condenser lens unit 1 0 to illuminate an illumination field stop (reticle blind) 1 1 . The illumination field stop 1 1 is disclosed 
in Japanese Patent Application Laid-Open No. H04-196513 and United States Patent No. 5.473,410 conesponcfing 
thereto. 

[0213] The light hrom the illumination field stop 11 Is guided via an illumlnation-field-stop Imaging optical system 
(reticle-blind imaging system) consisting of deflection mirrors 151, 154 and lenses 152, 153, 155 onto a reticle R, 

IS whereupon an illumination area, which is an image of the opening portion (rf the illumination field stop 10, is fomned 
on the reticle R. The light from the illumination area on the reticle R is guided through the projection optical system PL 
onto a wafer W, whereupon a reduced image of a pattern in the Illumination area of the reticle R is formed on the wafer W. 
[0214] When the exposure light is light of the wavelength in the vacuum ultraviolet region, it is necessary to purge 
gases having the strong absorption property for such light In the wavelength band (which will t>e called hereinafter 

20 "absorptive gases' at need), such as oxygen, water vapor. hydrocarbon4)ased gases, and so on, from the optical paths. 
[021 5] I n the present embodiment, therefore, the illumination optical path (the optical path from the laser light source 
2 to the reticle R) and the projection optical patii (the optical path from the reticle R to ttie wafer W) are shut off from 
the extemal atmosphere and those optical paths are filled witii a gas of nitrogen, helium, argon, neon, krypton, or the 
like as a specific gas having the property of littie at>sort>ing the light in the vacuum ultraviolet region, or a mixed gas 

25 of two or more selected therefrom (which will be called hereinafter low-absorptive gas" or "specific gas" at need). 
pi216] Spedfically, the optical path from the laser source 2 to the light delaying optical system 41 is shut off from the 
extemal atmosphere by casing 30, tiie optical patti from tiie light delaying optical system 41 to the illumination field 
stop 11 off from the extemal atmosphere by casing 40, the illumtnation-field-stop imaging optical system off from the 
extemal atmosphere by casing 1 50, and the foregoing specific gas is filled in ttiose optical paths. The projection optical 

30 system PL itself has a barrel acting as a casing and the intemal optical path thereof is filled witii the foregoing specific 
gas. ^ ' 

[0217] The specific gas filled in each optical path is preferably helium. However, nitrogen can also be used as the 
specific gas in the optical paths of the llluniination optical system from the laser source 2 to the retid 
30,40,150). 

35 [0218] A casing 1 70 shute off the space between the casing 150 housing the niumination-field-stoplniaging 

system, and the projec^on optical system PL from ttie extemal atmosphere and houses a reticle stage RS for holding 
the reticle R inside. This casing 170 is provided with a gate 173 for loading and unloading of the reticle R and a gas 
replacement chamber 174 for preventing the atmosphere in the casing 170 from b&ng contaminated during loading 
and unloading of tiie reticle R, is provided outeide the gate 1 73. This gas replacement chamber 1 74 is also provided 

40 wfth a gate 177 and transfer of a reticle is knplemented ttirough the gate 177 to or from a reticle stocker 21 0 storing 
plural types of reticles. 

[021 9] A casing 200 shuts off the space between the projection optical system PL and the wafer W from the extemal 
atmosphere and houses inside, a waferstege22 for holding tiie wafer W. an autofocus sensor 26 of an oblique incidence 
type for detecting the position in the Z-dtrection (focus position) and inclination angle of the surface of the wafer W as 
45 a substrate, an afignment sensor 28 of the off-axis method, and a surface plate 23 carrying the wafer stage 22. This 
casing 200 is provided with a gate 203 for loading and unloading of ttie wafer W, and a gas replacement chamber 204 
for preventing ttie atmosphere inskle the casing 200 from t>eing contaminated, is provkied outekie this gate 203. This 
gas replacement chamber 204 is equipped with a gate 207 and a wafer W is canied into or of the apparatus through 
thisgate207. 

so [0220] Hero each of ttie casings 40, 1 50, 1 70, 200 is provided witti an inlet vahre 1 47, 1 56, 1 71 . or 201 . respectively, 
and these inlet valves 147, 156, 171, 201 are connected to an inlet pipe path connected to an unrepresented gas 
supply. Each of ttie casings 40. 1 50. 1 70, 200 is also provkied with an exhaust valve 1 48, 1 57, 1 72, or 202 and these 
exhaust valves 148, 157, 172, 202 are connected ttirough an unrepresented exhaust p^e path to the foregoing gas 
supply. The specific gas from the gas supply is controlled to a predetemnined target temperaturo t»y unrepresented 

55 temperaturo regulators. When helium is used as the specifu: gas, ttie temperaturo regulators aro preferably kx»ted in 
the vicinity of the respective casings. 

[0221] Similarly, the gas replacement chambers 174, 204 are also provided with an inlet valve 175 or 205 and an 
exhaust valve 1 76 or 206, and the inlet valves 1 75, 205 are connected ttirough an inl^ pipe patti while ttie exhaust 
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valves 1 76, 206 through an exhaust pipe path, to the foregoing gas supply. Further, the ban-el of the projec^on optical 
system PL is also provided with an inlet valve 181 and an exhaust valve 182, and the inlet valve 181 is connected 
through an unrepresented inlet pipe path while the exhaust valve 1 82 through an unrepresented exhaust pipe path, to 
the foregoing gas supply. 

5 [0222] The Inlet pipe paths connected to the Inlet valves 1 47, 1 56, 1 71 , 1 75, 1 81 , 201 , 205 and the exhaust pipe 
paths connected to the exhaust valves 148, 157, 172, 1 76, 1 82, 202, 206 are equipped with a filter for removing dust 
(particles), such as a HEPA filter or an UI-PA filter, and a chemical filter for removing the absorptive gases including 
oxygen and the lilce. 

[0223] The gas replacement chambers 1 74, 204 require gas replacement every reticle exchange or wafer exchange. 

10 For example, on the occasion of reticle exchange, the gate 174 is opened to permit a reticle to be carried from the 
reticle stocker 210 into the gas replacement chamber 174, the gate 174 is then closed to fill the interior of the gas 
replacement chamber 174 with the specific gas, and thereafter the gate 173 is opened to mount the reticle onto the 
retide stage RS. During wafer exchange, the gate 207 is opened to permit a waferto be carried 
chamber 204, and then the gate 207 is dosed to fill the interior of the gas replacement chamber 204 with the specific 

IS gas. After that, the gate 203 is opened to nrK>unt the wafer onto the wafer holder 20. Procedures for retlde unloading 
and wafer unloading are reverse to the atwve procedures. The procedures for gas replacement in the gas replacement 
chamber 174. 204 can be also arranged to first decompress the atmosphere in the gas replacement chamber and 
thereafter supply the specific gas through the inlet valve. 

[0224] In the casings 170, 200, there is the possibility of mixing of the gas thereinto on the occasion of the gas 
20 replacement in the gas replacement chambers 1 74, 204 and the gas in the gas replacement chambers 1 74, 204 can 
contain a considerable amount of the at>sorptive gases such as oxygen and the like with a high probability. It is thus 
desirable to carry out gas replacement there at the same timing as the gas replacement in the gas replacement cham- 
bers 174, 204. The casings and the gas replacement chambers are preferably filled with the spedfto gas at a higher 
pressure than the pressure of the external atmosphere. 
25 [0225] In the present embodiment, though not shown in Rg. 5, at least one lens element of the plurality of lens 
elements constituting the projection optcal system PL is held so as to t>e able to be changed in at least one of its 
positton and posture. This makes the imaging characteristks of the projection optk:al system PL variable. Such ad- 
justing means are disdosed. for example, in Japanese Patent Applications Laid-Open No. 1-104-192317, Laid-Open 
No. H04-127514 (and USP No. 5,117,255 conesponding thereto), Laid-Open No. H05-41344, and Lakl-Open No. 
30 H06-84527 (and USP No. 5,424,552 conesponding thereto). 

[0226] In the present embodiment, at least one of the lens elements changeable in at least one of the position and 
posture is pr^erably a spherical lens. 

[0227] The projection optical systems PL of the second to seventh embodiments optimized for the ArF exdmer laser 
can t>e applied to the projectton exposure apparatus disdosed in Japanese Patent Applteations LakJ-Open No. 
35 H06-260386 (USP No. 5,559,584), Lakl-Open No. H11-233447, W098/57213, WO9S/10917, and WO99/50892, and 
so on. 

[0228] The projection exposure apparatus of the present Invention is preferably provided with the light source for 
supplying the exposure light In the wavelength region of not more than 180 nm, the illumination optical system for 
guiding the exposure light from this light source to the pattern on the projectk>n master, and the projection optfcal 
40 system located in the optk»l path k>etween the projection master and the wortcpiece and guiding 2S% or more by 
quantity of the exposure light having passed through the projection master, to the woricpiece to form a reduced image 
of the pattern on the workpiece. 

[0229] It is difficult to raise the sensitivity of photosensitive resin (resist) materials available for the wavelength regk>n 
of not more than 1 80 nm, as compared with those for the longer wavelengths, and, where the projection optical system 

^ guides only 25% or less by quantity of the exposure light from the projection master to the woriqriece, it is necessary 
to increase the exposure time in order to ensure a necessary exposure dose for the resist, which will undesirably 
decrease the throughput. In this case, more heat is accumulated in the projectton optical system, so as to give rise to 
. " thertnal aberration of the projection optical systemri^e.v rf)enratk>n~due"to- variations in the-refractive indtoes of the 
lenses or gas and variations in index distrft>ution, caused by the accumulation of heat in the projection optical system. 

so This is undesirable, because projection exposure cannot be implemented under stable imaging perfonmance. 

[0230] The projection exposure appamtus according to the embodiment of Fig. 5 adopts the projection optical system 
PL according to the embodffnent of Rg. 1 . The glass material making this projection optical system PL is fluorite as 
described prevfously and its transmittance per cm fortiie exposure light of 157 nm is 99 to 99.5%. Antireflection coats 
for tiie exposure light of 157 nm are those having the k>ss of light quantity per lens surface of 1%. From the above 

S5 values, the projection exposure apparatus of F^. 5 provkied with the projection optical system of the embodiment of 
Rg. 1 has ttie transmittance of 37% and satisfies the foregoing condition. 

[0231 ] The projection exposure method according to the present invention is preferably a projection exposure method 
of projecting a reduced image of a pattern provkled in a projection master, onto a woriq>iece to effect exposure thereof, 
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comprising a step of supplying exposure light in the wavelength band of not more than 200 nm; a step of guiding the 
^osure light from the light source through the illumination optical system onto the pattern on the projection master; 
and a step of guiding the exposure light from the projection master through the projection optical system onto the 
workpiece to fonm the reduced image of the pattern on the woriq)iece; wherein the following condition is satisfied: 

En4 Eng m 
£in3^En1 w. 

where En1 is a quantity of the exposure light incident to the Illumination optical system, En2 a quantity of the 
exposure light traveling from the illumination optical system to the projection master, En3 a quantity of the exposure 
light Incident to the projection optical system, and En4 a quantity of ttie exposure light emerging from the projection 
optical system toward the wor1(piece. 

[0232] When the above condition (6) is not satisfied, it becomes infeasble to achieve the functions necessary for 
the illumination optical system, e.g., uniform iliumination on the worlcpiece or the like, so that a fine circuit pattern cannot 
be transferred onto the woricpiece, whteh is undesirable. 

[0233] In the foregoing projection exposure method, the step of guiding the exposure light to the pattern preferably 
comprises an auxiliary step of passing tiie ^cposure light tiirough a space filled witii a gas atmosphere having the low 
€d>sorption property for ttie light in ttie wavelength region, and ttie step of forming ttie reduced image of the pattern on 
the woriq)lece preferably comprises an auxiliary step of passing the exposure light through a space filled wltti a gas 
atmosphere having the low absorption property for the light In the wavelength region. 

[0234] Next described refemng to the flowchart of Fig. 6 Is an example of operation to fabricate semiconductor 
devices as mfcrodevices by forming a predetennined circuit pattem on tiie wafer by use of the projection exposure 
apparatus of the above embodiment 

[0235] First, in step 301 of Fig. 6, a metal film is evaporated onto one lot of wafers. In next step 302. a photoresist 
is applied onto ttie metal film on the tot of wafers. After ttiat, in step 303, an image of a pattem on a reticle R is 
sequentially transferred through the projection optfcal system PL into each shot area on the tot of wafers, using the 
projection exposure apparatus of Rg. 5 provided witti the projection optical system PL of eittier ttie first or second 
embodiment After ttiat, in step 304, ttie photoresist on ttie tot of wafers is devetoped and ttiereafter in step 305, etching 
is effected on ttie lot of wafers, using the resist pattern as a mask, ttiereby forming a circuit pattem conresponding to 
ttie pattem on ttie reticle R, In each shot area on each wafer. After that, such devices as the semiconductor devtoes 
are fabricated by further canying out formation of circuit patterns of upper layers and the like. 
[0236] By ttie foregoing semiconductor devtoe fabrication mettiod, the semiconductor devtoes having extt-emely fine 
circuit patterns can be fabricated at high ttiroughput. 

[0237] The projection exposure apparatus of the above embodiment can also be applied to fabrication of liquid crystal 
display devices as mtorodevtoes, by forming a predetemnined circuit pattem on a plate (glass substrate). An ^cample 
of operation in this application will be described below refening to the flowchart of Rg. 7. 

[0238] In Rg. 7, a pattem forming step 401 Is a step of canying out ttie so-called photolittiography to tinansfer a 
pattem of a r^e onto a photosensittve substrate (a glass substrate coated with resist, or the like) by use of the 
^cposure apparatus of the present embodiment. After completion of this photolittiography step, a predetermined pattem 
including many electrodes and ottiers is formed on ttie photosensitive substrate. Alter that, the exposed substrate is 
processed tiirough steps including a development step, an etching step, a reticle removing step, and so on, whereby 
a predetemiined pattem is fonned on the substtate. Then ttie substrate Is transferred to the next color filter fomnlng 
step 202. 

[0239] Next, in the color filter forming step 402, a color filter is formed In a matrix of many sets of ttiree dots conB- 
sponding to R (Red), G (Green), and B (Blue). Then a cell assembly step 403 is canted out after ttie color filter fonning 
step 402. 

[0240] In the cell assembly step 403, a liquid crystal panel (liquid crystal cells) is assembled using the suk>stFate with 
the-predeterfninedpattem'obtgyhl^ color filter forming 

step 402, and so on. In ttie cell assembly step 403, for example, ttie liquid crystal panel (liquid crystal cells) is fabricated 
by charging ttie liquid crystal into between the substtate with ttie predetemnined pattem obtained in the pattem forming 
step 401 and the color filter obtained in the color filter fomnlng step 402. 

[0241] In a module assembly step 404 ttiereafter, a liquid crystal display device is completed by mounttng such 
components as an etectric circuit for display operation of ttie assembled liquid crystal panel (liquid crystal ceils), a bade 
light, and so on. 

[0242] By ttie foregoing liquid crystal display device febrication mettiod. ttie liquid crystal display devices having 
extt-emely fine circuit pattems can be fabricated at high ttiroughput. 

[0243] In ttie foregoing embodiment of Rg. 5, the fl/s eye lenses 43, 46 as optical integrators (uniformizers or ho- 
mogenizers) In ttie illumination optical system can be micro-fly's eye lenses fabricated by forming a plurality of microlens 
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surfaces on a single substrate by the technique of etching or the like. Ihe first f l/s eye lens 43 may be replaced by a 
diffractive optical element which diverges incident light by diffraction action to form the illumination field in circular, ring, 
or multipolar shape In the far field (Fraunhofer diffraction region) thereof. The diffractive optical element of this type 
can be one disclosed in USP No. 5,850,300, for example. When the diffractive optical element is employed, the light 

s delaying optical system 41 may be omitted. * 

[Q24q The optical integrators can be either of internal reflection type integrators (rod integrators, optical pipes, optical 
tunnels, etc.). When an internal reflection type integrator of this kind is used, the exit surface of the internal reflectkxt 
Integrator becomes approximateiy conjugate with the pattem surface of the reticle. For applying it to the aforementioned 
embodiment, therefore, the Illumination field stop (reticle blind) 1 1 is located, for example, in dose proximity of the exit 

10 surface of the internal reflection Integrator and the zoom lens 44 is constructed so as to establish the substantial 
conjugate relation between the exit surface of the first fl/s eye lens 43 and the entrance surface of the Internal reflection 
integrator. 

[0245] When the wavelength of the exposure ligfit Is not more than 1 80 nm, at least eitiier of the microlens anay, 
diffractive optical element, internal reflection integrator, and lens elements in the Illumination optical system is preferably 

IS made of a material selected from the group consisting of fiuorite, silk:a glass doped with fluorine, snk:a glass doped 
witii fluorine and.hydrogen, siUpa glass having the structure detennination temperature of not more than 1200K and 
ttie hydrogen molecule concentration of not less tiian 1 x 1 0^^ molecules/cm^, silica glass having the structure deter- 
mination temperature of not more than 1 200K and the chlorine concentration of not more than 50 ppm, and silica glass 
having the structure detenmlnation temperature of not more than 1200K, the hydrogen molecule concentration of not 

20 less ttian 1 x 1 0''^ molecules/cm^, and ttie ch tonne concentration of not more ttian 50 ppm. When the exposure wave- 
length Is within ttie range of 1 80 nm to 200 nm (e.g., ttie ArF exclmer laser), it is also possible to use slltea glass having 
ttie structure detennination temperature of not more than 1 200K and the OH-group concentration of not less than 1 000 
ppm. in addition to the foregoing materials. 

[0248] The silica glass having the structure determination temperature of not more than 1200K and the OH-group 
25 concentration of not less ttian 1000 pm is disclosed in Japanese Patent No. 2770224 of Applicant of the present 
appltoation, and the siltea glass having the structure detennination temperature of not more than 1200K and the hy- 
drogen molecule concentration of not less than 1 x 10^7 molecules/cm^, ttie silica glass having the structure detemni- 
nation temperature of not more ttian 1200K and ttie chlorine concentration of not more ttian 50 ppm, and the siltoa 
glass having the structure determination temperature of not more than 1200K, the hydrogen molecule concentration 
30 of not less than 1 x 1 0^^ molecules/cm^, and the chlorine concentration of not more than 50 ppm are disclosed In 
Japanese Patent No. 2936138 of Applicant of the present application. 

[0247] In the projection optical system PL according to the foregoing first embodiment, each of the lens elements 
maldng ttie projection optical system was made of fiuorite, but each lens element making the projection optical system 
is preferably made of a material of at least one kind selected from the group consisting of catoium fluoride (CaFs. 
35 fiuorite), barium fluoride (BaFg). littiium fluoride (UF), magnesium fluoride (MgFg), littiium catoium aluminum fluoride 
(UCaAIFe), lithium strontium aluminum fluoride (LiSrAIFg), and strontium fiuoride (SrFg). 

[0248] In the above embodiment of Fig. 5, supposing the application of the projection optical system PL of the first 
embodiment, ttie laser light source was the one for supplying the band-narrowed fiuorine dimer laser (F2 laser) of the 
oscillation wavelengtti of 157 nm, but the present invention is not limited to ttie F2 laser. For example, the laser light 
40 to be used can also be the band-narrowed ArF ©cdmer laser of the osdllatton wavelengtti of 1 93 nm, or the KrF excfrner 
laser of the oscillation wavelength of 248 nm. 

[0249] It is difficult to narrow the t>and of the laser light source in the wavelength region of wavelengths not more 
than 200 nm, but the application of the present invention relaxes the degree of band narrowing of the laser light source 
and ttius prints ttie advantage of decreasing the load of achromatism of the projection optical system. 

45 [0250] Furttier, the aforementioned embodiment used the F2 laser as a light source, but it can be replaced by a 
harmonic of a solid state laser such as the YAG laser or the like having ttie oscillation spectrum at 157 nm. It is also 
possible to use a hamnonic obtained by amplifying single-wavelengtti laser light in the infrared region or in the visible 
region, lased frdftralDFB semk^nductor laser or a fiber laser, for example; by a fiber amplifier doped with* erbium (Er) 
(or doped witti both erbium and ytterbium (Yb)) and converting the wavelengtti into ultravtolet radiation by use of a 

so nonlinear optical crystal. 

[0251] For example, when ttie oscillation wavelengtti of ttie single-wavelength laser light is in the range of 1 .51 to 
1 .59 |i m. the tenth hannonic is outputted at ttie generated wavelength in the range of 151 to 159 nm. In particular, 
when the osdilation wavelength is ni the range of 1 .57 to 1 .58 jun, the tenth hamnonte is obtained at the generated 
wavelengtti in the range of 157 to 158 nm; i.e.. ultravtolet radiation witti the wavelengtti approximately equal to that of 

ss the F2 laser light. When ttie osdilation wavelength is in ttie range of 1 .03 to 1 .12 nm, the seventh hanmonto is outputted 
at the generated wavelength in the range of 1 47 to 1 60 nm and, particularly, when the oscillation wavelength is in the 
range of 1.099 to 1 .106 jim, ttie seventti hamnonto is obtained at the generated wavelengtti in the range of 157 to 158 
nm; i.e., ultraviolet radiation witti ttie wavelen^ approximately equal to ttiat of ttie F2 laser light. An ytlrium-doped 
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fiber laser is used as the single-wavelength osdilation laser. 

[p2S2] When the harmonic from the laser light source Is used as described above, this harmonic Itself has a sufficiently 
narrow spectral width (e.g., 0.3 pm or less) and thus it can be used instead of the aforementioned light source 2. 
[0253] In the first err^odiment the projection optical system was constructed using the single kind of material, but 

5 the projection optical system does not always have tot>e limited to the single kind material. When the projection optk^ 
system is constructed on the premise of the exposure light in the vacuum ultraviolet region near the far ultravfolet 
region, or in the far ultraviolet region as in the second embodiment, synthetic quartz and fluorite can be used as ma- 
terials. When the projet^on optical system is constructed on the premise of the exposure light in the vacuum ultravk>let 
region, the materials can be at least two kinds of materials selected from the group consisting of catelum fluoride (CJaFg, 

10 fluorite), barium fluoride (BaFg). lithium fluoride (UF). magnesium fluoride (Mgf^, lithium cateium aluminum fluoride 
(LiCaAIFg). lithium strontium aluminum fluoride (USrAIFg), and strontium fluoride {SrF^. A diffractive optical clement 
may be added to the projection optical system, so as to enjoy the advantage of the chromatfc aberration correc^ng 
effect by the diffractive optical element. 

[02541 in the embodiment of Fig. 5, a prism made of a bir^ringent material for prevention of specWe m^ be placed 

15 on the entrance side of the first fly's eye lens 43. The speckle-preventing prism of this type is disclosed, for example, 
in USP No. 5,253.11 0. When the exposure light is light witti the exposure wavelength of not more than 1 80 nm, a prism 
madeof aoystal of magnesium fluoride (MgFg) can be used insteadoftiie quartz prism disclosed in USP No. 6,^,110. 
[0255] This wedge prism made of the crystal of magnesium fluoride is placed so as to gradually change Its thfckness 
in ttie direction crossing the optical axis of the illuminatfon optical system. Then another wedge prism forconwOon of 

20 optical patii is placed opposite to the wedge prism of the crystal of magnesium fluoride so that their apex^ are directed 
in opposite directions to each other. This path-correcting wedge prism has the same apex angle as the prism of the 
crystal of magnesium fluoride and Is made of a light-transmitting material witiiout birefilngence. This structure can align 
the Ught IncWent to the pair of prisms and the light emerging therefrom In the sanne traveling direction. 
[0256] The material of ttie path-correcting prism is preferably one selected, for example, from the group consisting 

25 of fluorite, silica glass doped with fluorine, silica glass doped with fluorine and hydrogen , silica glass having the structure 
determination temperature of not more ttian 1200K and ttie OH-group concentration of not less ttian 1000 ppm, silfca 
glass having ttie structure determination temperature of not more than 1200K and ttie hydrogen molecule concentration 
of not less than 1 x lO^^ rnolecuIesfern3, silica glass having the structure detemiination temperature of not more than 
1200K and ttie chlorine concentration of not more ttian 50 ppm, and siUca glass having tiie structure determination 

30 temperature of not more than 1 200K. the hydrogen molecule concentration of not less than i x 1 0" molecules/cniS, 
and the chlorine concentration of not more^than 50 ppm. 

[0257] The embodiment of Fig. 5 employed ttie step-and-scan mettiod, but ttie exposure apparatus of ttie embodi- 
ment can be exposure apparatus of the stitching and slit scan type. When ttie stitching and slit scan method is employed, 
ttie reticle and substrate are synchronously scanned in a predetermined first direction relative to the Illumination area 

35 of predetermined shape on ttie reticle, ttiereby effecting exposure In an area of ttie first column on ttie substrate. After 
that, the retkde is replaced or the retfcle is moved by a predetennined distance along a second direction perpendteular 
to ttie first direction of the foregoing illumination area, thereby horizontally shifting ttie substrate in the direction con- 
jugate witti ttie second direction of ttie illumination area. Then ttie reticle and substrate are again synchronously 
scanned In ttie first direction relative to ttie illumination area of the predetermined shape on ttie reticle, thereby effecting 

40 exposure in an area of the second column on the substrate. 

[0258] The exposure apparatus of ttiis stitching and slit scan type can perform exposure of the pattem of ttie reticle 
in a wWer area on ttie substrate ttian ttie exposure field of ttie projection optical system. Such stitching and slit scan 
type exposure apparatus are disctosed in USP No. 5,477,304. Japanese Patent Appficattons LaW-Open No. 
H08-330220 and LaidOpen Ho, H10-284408, and so on. 

45 [0259] The above enribodimert can also adopt ttie full exposure rnettiod of transferring ttie f^^^ 
reticle into a predetermined shot area on ttie substrate at one time. 

[0260] The embodiment of Rg. 5 was provWed witti only one wafer stage for holding ttie wafer as a woricpiece 
^ (phbtSensitive'sutetrate)^ irrttie~stru«are witti two sets of ^er stagesrfor « 

example, as disclosed in Japanese Patent Applications Laid-Open No. H05-1 75098, l-aid-Open No. H 1 0-1 63097. Laid- 

50 Open No. H10-163098. Laid-Open No. H10-163099. Uid-Open No. H10-214783. and so on. 

[0261] Further, ttie present invention can not be applied only to ttie exposure apparatus used in fabrication of sem- 
iconductor devices, but can also be applied to the exposure apparatus for transferring a device pattem onto a glass 
plate, used in fabrication of displays including ttie liquid crystal dfeplay devices and ttie like, ttie exposure apparatus 
for transferring a device pattem onto a ceramfc wafer, used in fabrication of thin-film magnetic heads, ttie exposure 

55 apparatus used in fabrication of imaging devices (CCDs etc.), and so on. The present invention can also be applied 
to ttie exposure apparatus for transferring a circuit pattem onto a glass substrate or a silicon wafer or the like for 
fabrication of a reticle or a mask. 

[0262] As described above, the present invention can be realized in various configurations without having to be 
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limited to the aforementioned embodiments. The disclosures in the Intemational application PCT/JP99/05329 filed 
Septemt>er 29. 1 999 and in the internal application PCT/JP99/06387 filed November 1 6. 1 999. including their respective 
specifications, scopes of claims, drawings, and abstracts an are tnoorporated herein by reference. 



5 Industrial Applicability 

[0263] As descnbed above, the projection optical systems of the present invention are those capable of suppressing 
the chromatic aberration thereof and reducing the loads on the light source. The correction of chronnatic aberration for 
the exposure light having some spectral width can be Implemented by adding a single kind of glass material or the 
.. 10 small numt>er of color-corecting glass materials. 

[0264] By the projection exposure apparatus and methods EKxording to the present invention, it is feasible to obtain 
the very fine circuit patterns of microdevices while simplifying the structure of the projection optical system. 
[D265] By the device fabrication methods according to the present invention, the very fine circuit patterns of micro- 
devices can be obtained without a dmp In throughput. 

15 

Claims 

1 . A dioptric projection optical system for f omiing an image of a pattern on a first surface, onto a second surface by 
20 action of radiation-transmitting refractors, comprising: 

a front lens unit having a positive refracting power, located in an optical path between said first surface and 
said second surface; 

a rear lens unit having a positive refracting power, located in an optical path between said front lens unit and 
25 said second surface; and 

an aperture stop located in the vicinity of a rear focal point position of said front lens unit; 

said projection optical system being telecentric on the said first surface side and on the said second surface 

side, 

wherein the following condition is satisfied: 

30 

0.065 <f2/L< 0.125, 

where 12 is a focal lengtti of said rear lens unit and L is a distance from said first surface to said second surface. 

35 

2. The projection optical system according to Claim 1 . said projection optical system comprising at least one lens 
surface of aspheric shape. 

3. The projection optical system according to Claim 2. wherein when six lenses are selected in order from ttie said 
40 first surface side of lenses having their respective refracting powere In said projection optical system, at least one 

surface of the six lenses has an aspheric shape having a negative refracting power. 



4. The projection optical system according to Claim 1 , 2, or 3, wherein said front lens unit comprises a first lens unit 
with a negative refracting power, a second lens unit with a positive refracting power, a third lens unit with a negative 
45 refracting power, and a fourth lens unit with a positive refracting power in the order named from the first surface side, 
wherein the following conditions are satisfied: 



.i;3<1/p1 <0,and 

50 

0.08<L1/L<0.17, 

where pi is a composite, lateral magnification of said first lens unit and said second lens unit. LI Is a distance 
55 from said first surface to a lens surface closest to said second surfoce in said second lens unit, and L is the distance 
from said first surface to said second surface. 



5. The projection optical system according to Claim 4, wherein said first and second lens units include at least two 
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lens surfaces of aspheiic shape and comprise ten or more lenses. 

6. The projection optical system according to either one of Claims 1 to 5, wherein said front lens unit comprises a 
first lens unit with a negative refracting power, a second lens unit with a positive refracting power, a third lens unit 

5 with a negative retracting power, and a fourth lens unit with a positive refracting power in the order named from 

the first surface side. 

7. The projection optical system according to either one of Claims 4 to 6, wherein the following condition Is satisfied: 

0.46 <C/L< 0.64. 



where C is a total thickness along the optical axis of the radiation-transmitting refractors located In the optical 
patii of said projection optical system and L is the distance from said first surface to said second surface. 

15 

8. The projection optical system according to either one of Claims 1 to 7, wherein the following condition is satisfied: 



0.15 <Ea/E< 0.7, 

20 

where E is the total numt)er of memljers having their respec^e refracting powers among radiation-transmit- 
ting refractors in said projection optical system and Ea is the total number of memkjers each provided with a lens 
surface of aspheric shape. 

25 9. The projection optical system according to Claim 8, wherein the total numl)er off said members having their re- 
spective refracting powers is not less than 16. 

10. The projection optical system according to Claim 8 or 9, wherein the total number of said members having their 
respective refracting powers is not more than 26. 

30 

11. The projection optical system according to Claim 8, 9, or 10, wherein Fadiation-transmitting refractors in said pro- 
jection optical system are made of a single kind of material. 

1 2. The projection optical system according to eitherone of Claims 8 to 1 1 , wherein the radiation-transmitting refractors 
35 in said projection optical system comprise first radiation-transmitting refractors made of a first material and second 

radiation-transmitting refractors made of a second material, and 

wherein a percentage of the number of said second radiation-transmitting refractors to the number of the 
mentbers having their respective refracting powers among saki radiation-transmitting refractors, is not more than 
32%. 

40 

13. The projection optical system according to either one of Claims 1 to 12, said projection optical system forming a 
reduced image of said pattern on said first surface, on said second surface. 

14. The projection optical system according to either one of aaims 1 to 13, wherein sakJ aperture stop is located in 
45 an optical path between saM front lens unit and said rear lens uniL 

15. A method of fabricating a dioptric projection optical system for fonning an image of a pattern on a first surface, 
onto a second surface by action of racfiation-transmitting refractors, comprising:: 

50 a step of locating a front lens unit having a positive r^racting power; 

a step of locating a rear lens unit having a positive refracting power, between the front lens unit and said 
second surface; and 

a step of locating an aperture stop between sakJ front lens unit and saki rear lens unit; 
wherein said front lens unit, sakl rear lens unit, and said aperture stop are located so that ttie projection optical 
55 . system Is telecentric on the saki first surface side and on the said second surface side, and 

said m^od using the projection optical system satisfying the foltowing condition: 
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0.065 <f2/L< 0.125, 

where f2 is a focal length of said rear lens unit and L is a distance from said first surface to said second surface. 

16. A dioptric projection optical system for fomiing an Image of a pattem on a first surface, onto a second surface by 
action of radiation-transmitting refractors, comprising: 

three or more lenses having their respective refracting powers, 

. wherein when three lenses are selected in order from the said first surface side of said lenses having their 
respective refracting p6wers; at least one surface of said three lenses has an aspheric shape with a negative 
reacting power. 

17. A dioptric projection optical system for fomiing an image of a pattem on a first surface, onto a second surface by 
action of radiation-transmitting r^ractors, comprising: 

a plurality of lenses having their respective refracting powers, 

wherein when two lenses are selected in order from said first surface of said lenses having their respective 
refracting powers, at least one surface of the two lenses has an aspheric surface, and wherein, where Ca is 
a local, principal curvature near a center of an optical axis of the aspheric surface and Cb is a local, principal 
curvature In the meridional direction of an extreme marginal region of a lens dear aperture diameter of the 
aspheric surface, 

the following condition holds when said aspheric surface has a negathfe refracting power. 

Cb/Ca<0.7; 

the following condition holds when said aspheric surface has a positive refracting power 

Cb/Ca>1.6. 

18. A dioptric projection optical system for fonming an image of a pattem on a first surface, onto a second surface by 
action of radiation-transmitting refractors, comprising: 

four or more lenses having their respective refracting powers, 

wherein when four lenses are selected in order from said first surface of said lenses having their respective 
refracting powers, at least one surface of the four lenses is an aspheric surface, and wherein, where Ca is a 
local, principal curvature near a center of an optical axis of the aspheric surface and Cb is a local, principal 
curvature In the meridional direction of an extreme marginal region of a lens dear aperture diam^ off the 
aspheric surface, 

the following condition holds when said aspheric surface has a negative refracting power: 

Cb/Ca<0.45; 

the following condition holds when said aspheric surtece has a positive refracting power. 

Cb^>2.3. 

19. A method of fabricating a dioptric projection optical system for fonfrang an image of a pattem on a first surface, 
onto a second surface by action of radiation-transmitting refractors, comprising: 

a step of locating four or more lenses having their respective refracting powers. 

vyherein when four lenses are selected in order from said flr^ surface of said lenses having their respective 
refracting powers, at least one surface of the four lenses is an aspheric surface, and wherein said aspheric 
surface is selected in such a manner that, where Ca is a local, prinopai curvature near a center of an optical 
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axis of the aspheric surface and Cb is a local, principal curvature in the meridional direction of an extreme 

marginal region of a lens dear aperture diameter of the aspheric surface, 

the following condition holds when said aspheric surface has a negative refracting power 

aVCa<0.45; 

the following condition holds when said aspheric surface has a positive refracting power 

CbiACa>2^. 

20. A projection optical system for fomnlng a reduced image of a pattem on a first surfece, onto a second surface, 
comprising, in order from the first surface side: 



a first lens unit having a negative refracting power, 
a second lens unit having a positive refracting power; 
a third lens unit having a negative refracting power; 
a fourth lens unit having a positive refracting power, 
20 an aperture stop; and 

a fifth lens unit having a positive refracting power; 
wherein the following conditions are satisfied: 

^ -1.3<1/p1 <0.and 

25 

0.08 <L1/L< 0.17, 

30 where pi Is a composite, lateral magnification of said first lens unit and said second lens unit, LI is a distance 

from said first surface to a lens syrface closest to said second surface in said second lens unit, and L is a 
distance from said first surface to said second surface. 

21 . The projection optical system according to Claim 20, wherein when six lenses are selected in order from the said 
35 first surface side of lenses having their respective refinscting powers in said projection optical system, at least one 

surfeoe of the six lenses has an aspheric shape wtth a negative r^racting power. 

22. The projection optical system according to Claim 20 or21 , wherein said first and second tens units include at least 
two aspheric lens surfaces and comprise ten or more lenses. 



23. The projection optical system according to Qaim 20, 21 , or 22, wherein the following condition is satisfied: 

0.46 < CO. < 0.64, 

where C is a total thicioiess along the optical axis of the radiation-transmitting refractors located in the optical 
path of said projection optical system and L is the distance from said first surface to said second surface. 

24. The projection optical system according to either one of Claims 20 to 23, wherein the following condition is satisfied: 

0.15 <Ea/E< 0.7, 

where E is the total numt>er of members having their respective refracting powers among the radiation- 
transmitting refractors in said projection optical system and Ea is the total number of nnemberB each provided wtth 
a lens surface of aspheric shape. 

25. The projection optical system accorcfing to Claim 24, wherein the total number of said members having their re- 
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spective refracting powers is not less than 16. 

26. The projection optical system according to Claim 24 or 25, wherein the total number of said manbers having their 
respective refracting powers is not more than 26. 

5 " 

27. The projection optical system according to Claim 24, 25, or 26. wherein the radiation-transmitting refrBCtors in said 
projection optical system are made of a single Idnd of material. 

28. The projec^on optical system according to Clafrn 24, 25, or 26, wherein the radiation-transmitting refractors iri said 
JO projection optical system comprise first radiation-transmitting refractors made of a first material and second radi- 

ation-transmitting refractors made of a second material, and 

wherein a percentage of the number of said second radiation-transmitting refractors to the number of the 
menters having their respective refracting powers among said radiation-transmitting refractors, is not more than 
32%. 

15 

29. The projection optical system according to either one of Claims 20 to 28, wherein when a ray parallel to the optical 
axis of said projection optical system is made incident from said second surface side into said projection optical 
system, an angle between said optical axis and said ray as emitted toward said first surface, is not more than 50 
minutes. 

20 

30. The projection optical system according to either one €i Claims 20 to 28, wherein the following condition is satisfied: 

0.065 <12A-< 0.125, 

25 

Where 6 is a focal length of said fifth lens unit and L is the distance from said first surface to said second 
surface. 

31. A method of fabricating a projection optical system for fonning a reduced image of a pattern on a first surface, 
30 onto a second surface, comprising the steps of: 

a step of preparing a first lens unit having a negative refracting power; 
a step of preparing a second lens unit having a positive refracting power; 
a step of preparing a third lens unit having a negative refracting power; 
35 a step of preparing a fourth lens unit having a positive refracting power; 

a step of preparing an aperture stop; 

a step of preparing a fifth lens unit having a positive refracting power; and 

a step of locating said first lens unit, said second lens unit, said third lens unit, said fourth lens unit, said ' 
aperture stop, and said fifth lens unit in the order named from the said first surface side; 
40 wherein, where pi is a composite, lateral magnification of said first lens unit and said second lens unit, L1 a 

distance from said first surface to a lens surface closest to said second surface in said second lens unit, and 
L a distance from said first surface to said second surface, said first and second lens units are prepared so 
as to satisfy the following condition: 

^ -1.3<1/pi <0. 

and said first and second lens units are located so as to satisfy the following condition: 

^ 0.08 <L1/L< 0.17. 

32. A projec^on optical system for forming a reduced bm£^ of a pattern on a first surfoce, onto a second surface, 
comprising: 

at least one light-transmitting refractor located in an opiicai path of said projection optical system, 
wherein the following condition is satisfied: 
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0.46 <C/L< 0.64. 

where C is a total thickness along the optical axis of the radiation transmitting refractor located In the optical 
5 path of said projection optical system and L is a distance from said first surface to said second surface. 

33. The projection optical system according to Claim 32, wherein the total number of members having their respective 
refracting powers among said light-transmitting refractor is not less than 16. 

10 34. The projection optical system according to Qaim 32 or 33, wherein the total number of members having their 
respective refracting powers annong said l^ht-transmitting r^ractor Is not more than 26. 

ZS. The projection optical system according to Qaim 32, 33, or 34, wherein the radiation transmitting refractor In said 
projection optical system Is m^ of a single kind of material. 

15 

36. The projection optbal system according to either aaim 32, 33, or 34, wherein the radiatton transmitting refractor 
in said projection optical system comprises first radiation-transmitting refractors made of a first material and second 
radiation-transmitting refractore made of a second material, and 

wherein a percentage of the number of said second radiation-transmitting refractors to the number of mem- 
20 bers having their respective refracting powers among said radiation-transmitting refractors, is not more than 32%. 

37. Theprojection opticalsystemaccordingtoeitheroneof Clairns 32 to 36, wherein the following conditk>n is satisfied: 
_ 0.15 <Ea/E< 0.7, 

25 

where E is the total number of members having their respective refracting powers among the radiation trans- 
mitting refractor in said projection optical system and Ea is the total number of members each provided with a bns 
surface of aspherto shape. 

30 

38. The projection optical system according to either one of aaims 32 to 37, said projection optk:ai system comprising, 
in the order from the first surface skie: 

a first lens unit having a negative refracting power; 
35 a second lens unit having a positive refracting power; 

a third lens unit having a negative refracting power; 
a fourth lens unit having a positive refracting power; 
an aperture stop; and 

a fifth lens unit having a positive refracting power. 

39. The projection optical system according to Claim 38, wherein the fdkywing condition is satisfied: 

0.065 <f2/L< 0.125, 

45 

where f2 is a focal length of sakl fifth lens unit and L is the distance from said first surface to saki second 
surface. 

40. The projection optical system according to Claim 38 or 39, 
50 wherein the folkywing conditions are satisfied: 

-1.3<1/p1<0,and 



0.08 <L1/L< 0.17, 

where pi is a composite, lateral magnifk»tion of sakl first lens unit and said second lens unit, LI is a distance 
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from said fi rst surface to a lens surface closest to said second surface in said second lens unit, and L is the distance 
from said first surface to said second surface. 

41 . The proje(^on optical system according to either one of Cla^s 32 to 37, wherein when a ray parallel to the optical 
5 axis of said projection optical system is made incident from said second surface side into said projection optical 

system, an angle between said optical axis and said ray as emitted toward said first surface, is not more than 50 
minutes. 

42. A method of fabricating a projection optical system for forming a reduced image of a pattem on a first surface, 
JO onto a second surface, comprising the steps of : 

a step of preparing at least one radiation-tFansmitting member; 

a step of locating at least one said radiation-transmitting niember in and along an optical path of said projection 
optical system; 

15 wherein said radiation-transmitting member is prepared so as to satisfy the following condition: 

0.46 <C/L< 0.64, 

20 where C is a total thickness along the optical axis of the radiation transmitting refractor located in the optical 

path of said projection optical system and L is a distance from said first surface to said second surface. 

43. A projection optical system for forming a reduced image of a pattem on a first surface, onto a second surface, 

25 comprising: at least three lens surfaces of aspheric shape, 

v^erein the following condition is satisfied: 

0.15 < Ea/E < 0.7, 

30 

where E is the total number of members having their respective refracting powers among radiation-transmitting 
refractors in said projection optical system and Ea is the total number of members each provided with a lens 
surface of aspheric shape. 

^ 44. The projection optical system according to aaim 43, wherein the total number of said members having their re- 
spective refracting powers is not less than 16. 

45. The projection optical system according to Claim 43 or 44, wherein the total nunriber of said members having their 
respective refracting powers is not more than 26. 

40 

46. The projection optical system according to Claim 43. 44. or 45, wherein the radiation-transmitting refractors in said 
projection optical system are made of a single kind of material. 

47. The projection optical system according to Claim 43, 44, or 45, wherein the radiation-transmitting refractors in said 
45 projection optical system comprise first radiation-transmitting refractors made of a first material and second radi- 
ation-transmitting refractors made of a second material, and 

wherein a percentage of the numk>er of said second radiatiorFtransmitting refractors to the number of the 
membeis Kavirig ttieir resFMBctive refri^^ powerB''amaing'8atd rsdlation=transmitting refractors, is not more than 
32%. 

so 

48. The projection optical system according to Claim 43, 44, or 45, wherein the radiation-transmitting refractors in said 
projection optical system comprise first radiatk>n-transmttting refractors made of a first material and second radi- 
ation-transmitting refractors made of a second material, and 

wherein a percentage of the numt>er of sakl second radiation-transmitting refractors to the number of the 
55 menri)ers having ttieir respective refracting powers among said radiation-transmitting refractors, is not more than 
16%. 

49. The projection optical ^tem according to Claim 43. 44, or 45, wherein the radiation-transmitting refractors in saki 
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projection optical system comprise first radiation-transmitting refractors made of a first material and second radi- 
ation-transmitting refractors made of a second material, and 

wherein a percentage of the number of said second radiation-transmitting refractors to the number of the 
members having their respective refracting powers among said radiation4ransmittf ng r^radors, is not more than 
11%. 

50. The projecdon optical system according to either one of Claims 43 to 49, wherein the following condition is satisfied: 

0.46 <C/L< 0.64, 

where C is a total th'ckness along the optical axis of the radiation-transmitting refractors located in the optical 
path of said projection optical system and L Is a distance from said first surface to said second surface. 

IS 51 . The projection optical system according to either one of Claims 43 to 50, said projection optical system comprising 
an aperture stop, and a lens unit located between the aperture stop and said second surface, 
wherein the following condition is satisfied: 



10 



20 



0.065 <f2/L< 0.1^. 

where 12 is a focal length of the lens unit and L Is a distance from said first surface to said second surface. 
52. The projection optical system according to either one of Claims 43 to 51 , said projection optical system comprising: 

25 

a first lens unit having a negative refracting power; 

a second lens unit having a positive refracting power, located between the first lens unit and said second 
surface; 

a third lens unit having a negative refracting power, located between the second lens unit and said second 

30 surface; 

a fourth lens unit having a positive refracting power, located between the third lens unit and said second surface; 

an aperture stop located between the fourth lens unit and said second surface; and 

a fifth lens unit having a positive refracting power, located between the aperture stop and said second surface. 

35 53. The projection optical system according to Claim 52, 
wherein the following conditions are satisTied: 

-1.3<1/p1 <0,and 

40 

0.08<L1/L<0,17, 



where pi Is a connposite, lateral magnification of said first lens unit and said second lens unit, LI is a distance 
45 from said first surface to a lens surface closest to said second surface in said second lens unit, and L Is a distence 
from said first surface to said second surface. 

54. The projection optical system according to either one of Claims 43 to 50. wherein when a ray parallel to the optical 
axis of said projection optical system Is made incident from said second surface side into said projection optical 

50 system, an angle between said optical axis and said ray as emitted toward said first surface, is not more than 50 
minutes. 

55. The projection optical system according to either one of Clainns 43 to 54, wherein at least one of memt)ers without 
said lens surface of aspheric shape among said radiation-transmitting refractors in said projection optical system 

55 is arranged to be variable In at least one of position and posture. 

56. A method of fabricating a projection optical system for forming a reduced Image of a pattern on a first surface, 
onto a second surface, comprising the steps of: 
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a step of preparing Iight4ransmitting members so that at least three surfaces of lens surfaces of the radiation- 
transmitting refractors having aspheric shape and so that the following condition Is satisfied: 

0.15 <Ea/E< 0.7. 

where E is the total number of members having their respective refracting powers among said radiation-trans- 
mitting refractors and Ea Is the total number of members each provided with a lens surface of aspheric shape; 
and 

a step of assembling the radiation transmitting membera. 

57. A projection exposure apparatus for projecting a reduced image of a pattem provided on a projection master, onto 
a woricplece to effect exposure thereof , comprising: 

a light source for supplying exposure light; 

an illumination optical system for guiding the exposure light from the light source to said pattem on said pro- 
jection master, and 

the projection optical system as set forth In either one of Claims 1 to 56; 

wherein said projec^on master can be placed on said first surface of said projection optical system, and said 
woricpiece can be placed on said second surface. 

58. A projection exposure apparatus for projecting a reduced image of a pattem provided on a projection master, onto 
a woricpiece to effect exposure thereof while scanning, comprising: 

a light source for supplying exposure light; 

an illumination optical system for guiding the exposure light from the light source to said pattem on said pro- 
jection master, 

the projection optical system as set forth in either one of Clainrs 1 to 56; 

a first stage for enabling said projection master to be placed on said first surface of said projection optical 
system; and 

a second stage for enabling said woricpiece to be placed on said second surface; 

wherein said first and second stages are movable at a ratio of speeds according to a projection magnification 
of said projection optical system. 

59. The projection exposure apparatus according to Claim 57 or 58, wherein said light source supplies the exposure 
light in a wavelength region of not more than 180 nm and wherein said projection optical system guides 25% or 
more by quantity of the exposure light from said projection master, to said woricpiece. 

60. A projection exposure apparatus for projecting a reduced image of a pattem provided on a projection master, onto 
a woricpiece to effect exposure thereof, comprishg: 

a light source for supplying exposure light in a wavelength region of not more than 180 nm; 
an illumination optical system for guiding the exposure light from the light source to said pattem on said pro- 
jection master, and 

a projection optical system located In an optical path between said projection master and said woricpiece. said 
projection optical system guiding 25% or more by quantity of said exposure light having passed through said 
projection master, to said woriqjiece to form ttie reduced Image of said pattem on said woricpiece. 

. r-r^^o^. : • 

61 . The projection exposure apparatus according to Claim 60. further comprising a first stage for holding said projection 
master and a second stage for holding said workpieca. 

wherein said first and second stages are nnovabie at a ratio of speeds according to a projection magnification 
of said projection optical system. 

62. A projection exposure apparatus for projecting a reduced image of a pattem provided on a projection master, onto 
a woricpiece to effect exposure thereof . connprislng: 

a light source for supplying exposure light in a wavelength region of not more than 200 nm; 

an illumination optical system for guiding tfie exposure light from the light source to said pattem on said pro- 
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jection master, and 

. a projection optical system located in an optical path between said projection master and said worlcpiece, said 
projection optical system guiding said exposure l^ht having passed through said projection master, to said 
wor)(piece to form the reduced image of said pattem on said workpiece; 
wherein the following condition is satisfied: 

where Enl is a quantity of said exposure light traveling from said light source to said illumination optical system, 
En2 a quantity of said exposure light traveling from said illumination optical system to said projection master, 
En3 a quantity of said exposure light entering said projection optical isystem, and En4 a quantity of said ex- 
posure light emerging from said projection optical system toward said worlq^iece. 

63. A projection exposure method of projecting a pattem formed on a projection master, onto a workpiece to effect 
exposure thereof, 

which uses the projection exposure apparatus as set forth in Claim 57, 58, or 59, 

wherein said projection master is placed on saki first surface and said workpiece is placed on said second 
surface, and 

wherein an image of said pattem is formed on said workpiece through sakl projection optical system. 

64. A projection exposure method of projecting a reduced image of a pattem provkJed on a projection master, onto a 
workpiece to effect exposure thereof, comprising the steps of: 

a step of supplying exposure light in a wavelength region of not more than 200 nm; 

a step of guiding the exposure light from the light source through an illumination optical system to said pattem 

on said projection master; and 

a step of guiding said exposure light from said projection niaster through said projection optical system to saki 
workpiece to fomi the reduced image of said pattem on said workpiece; 
wherein the following condition Is satisfied: 

where Enl is a quantity of said exposure light entering said Illumination optk:al system, En2 is a quantity of 
said exposure light traveling from sakJ illumination optical system to said projection master, En3 is a quantity 
of said exposure light entering saM projection optical system, and En4 Is a quantify of said exposure light 
emerging from said projection optical system toward said workpiece. 

65. The projection exposure mettiod according to Claim 64, wherein the step of guiding said exposure light to said 
pattem comprises an auxiliary step of passing said exposure light through a space titled witii a gas atmosphere 
having the property of littie at)sorbing the light in sakJ wavelength region, and 

wherein the step of forming the reduced image of said pattem on said workpiece comprises an auxiliary step 
of passing said exposure light through a space filled with a gas atmosphero having the property of littie at)sort>ing 
the light in said wavelength region. 

66. A method of fabricating a microdevice having a predetermined circuit pattern, comprising: 

a step of projecting an image of said pattem onto saki woriq^iece to eflect exposure thereof, using the projection 

exposure method as set forth in Claim 63, 64, or 65; and 

a step of developing said workpiece after the projection exposure. 

67. A projection exposure apparatus for projecting a pattem on a projection master onto a workpiece to effect exposure 
thereof, conprising: 



an illumination optical system for supplying exposure light of a wavelength of not more than 200 nm to said 
projection master; and 

a projection optical system for f omiing an image of the pattem on said projection master, at a predetemnined 
projection magnifk^on p on said workpiece; 

wherein said projection optical system comprises an aperture stop, a front lens unit located t)etween the ap- 
erture stop and said projection master, arKi a rear lens unit located t)etween said aperture stop and said 
woricpiece, 

wherein, where y (kg) represents a translated amount of fluorite of a disk member from an amount of f luortte 
among light-transmitting optical materials in said projection optical system, t2 (mm) is a focal lengti) of saki 
rear lens unit, and NAw is a maximum numerical aperture on the image side of said protection optical system, 



and where x is defined as foOovvs: 
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x = 12*4ipiNAw^; 

the following conditions are satisfied: 

y^4x-200, 
y^(4x/13) + (1000/13), 
yg4x-440, 

and 

yso. 

68. The projection exposure apparatus according to Claim 67, wherein, concerning said maximum numerical aperture 
NAw and the amount of f luorite y, the following conditions are satisfied: 

NAw > 0.72 

and 

y<75. 

69. The projection exposure apparatus according to Claim 67, wherein the focal length f2 of the rear lens unit and the 
maxirnum numerical aperture NAw of said projection optical system satisfy the following condition: 

110<en^w<200. 



70. The projection exposure apparatus according to Claim 67, wherein said illumination optical system supplies light 
40 having a full width at half maximum of not more than 0.5 pm. 

71. The projection exposure apparatus according to Claim 67, wherein where A represents the numlser of aspheric 
surfaces in said projection optical system, said projection optical system satisfies tiie following conditions: 



0^y<40 

and 

72. The projection exposure apparatus according to Claim 70, wherein where A represents the nunrtber of aspheric 
surfaces in said projection optical system, said projection optical system satisfies the following conditions: 



o^y<40 
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and 

2^ A. 

73. The projection exposure apparatus according to Claim 67, wherein where A represents the number of aspheric 
surfaces in said projec^on optical system, said projection optical system satisfies the following conditions: 

40^y<70 

and 

I^A^S. 

74. The projection exposure apparatus according to Claim 70, wherein where A represents the numt>er of aspheric 
surfaces in said projection optical system, said projection optical system satisfies the following conditions: 

40^y<70 

and 

1 ^ A ^ 5. 

75. The projection exposure apparatus according to either one of Claims 67 to 74, wherein said Illumination optical 
system supplies light of a wavelength of not more than 200 nm nor less than 1 70 nm. 

76. The projection exposure apparatus agcording to either one of Claims 67 to 74, wherein said projection optical 
system has an image field having a diameter of not less than 20 mm. 

77. The projection exposure apparatus according to either one of Claims 67, and 69 to 74, wherein the image-side 
35 maximum numerical aperture NAw of said projection optical system satisfies the following condition: 
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NAw g 0.65. 

40 78. The projection exposure apparatus according to efther one of Claims 67 to 74, wherein said projection optical 
system comprises an aspheric surface or a plurality of aspheric surfaces and wherein said aspheric surface or 
aspheric surfaces are fomned in a lens surface or lens surfaces of a lens or lenses made of a material different 
from said fluorite. 

45 79. The projection ^cposure apparatus according to Claim 78, wherein said aspheric surface or aspheric surfaces are 
formed in a lens surface or lens surfaces of a lens or lenses made of silica glass. 

80. The projection exposure apparatus according to either one of Claims 67 to 74, wherein said front lens unit, said 
aperture stop, and said rear lens unit are located along an optical axis extending linearly 

90 

81. The projection exposure apparatus aocordmg to either one of Claims 67 to 74, wherein said projection optical 
system comprises an aspheric surface for ensuring an image field having a diameter of not less than 20 mm. 

82. The projection exposure apparatus according to either one of Claims 67 to 74, further satisfying the following 
55 condition: 

yS(9x/2)-270. 
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83. The projection exposure apparatus according to either one of Claims 67, and 69 to 74, further satisfying the fol- 
lowing condition: 

84. The projection exposure apparatus according to either one of Claims 67 to 74. further satisfying the following 
condition: 

ya(9xffi)-(855/2). 

85. A projection exposure method of projecting a pattern on a projection master onto a worlcpiece to effect exposure 
thereof, comprising: 

15 

an illumination step of supplying exposure light of a wavelength of not more than 200 nm to said projection 
master, and 

an image forming step of forming an image of the pattern on said projection master, at a predetermined pro- 
jection magnification p on said woriqsiece, using a projection optical system comprising a front lens unit, an 

20 aperture stop, and a rear lens unit; 

wherein said Image fonming step comprises a first auxiliary step of guiding the light from said projection master 
to said front lens unit, a second auxiliary step of guiding the light passing through said front lens unit, to said 
aperture stop, a third auxiliary step of guiding the light passing through the aperture stop, to said rear lens 
unit, and a fourth auxiliary step of forming the image of said pattern on said workpiece, using the light passing 

25 through the rear lens unit, 

wherein, where y (kg) represents a translated amount or fluorite of a disk member from an amount of f luorlte 
among light-transmitting optfcal materials in said projection optical system, f2 (mm) is a focal length of sM 
rear lens unit, and NAw is a maximum numerteal aperture on the image side of said projection optteal system, 
and where x is defined as follows: 

30 

x = e.4ipi.NAw^ 

the following conditions are satisfied: 

35 

y£4x-26o, 

^ y g (4x/13) + (1000/13), 

yg4x-440, 

45 and 

y^O. 

50 86. The projection exposure method according to Claim 85, wherein, concerning saki maximum numerical aperture 
NAw and the amount of fluorite y, the folkiwing conditions are satisfied: 

NAw>0.72 



55 

and 
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y<75. 

87. The projection exposure method according to Qaim 85, wherein the focal length f2 of the rear lens unit and the 
5 maximum numerical aperture NAw of said projection optical system satisfy the following condition: 

110<12aMAw<200. 

10 88. The projection exposure method according to Claim 85, wherein in said illumination step, light having a full width 
at half maximum of not more than 0.5 pm Is supplied. 

89. The projection exposure method according to Claim 85, wherein where A represents the nurnber of aspheric sur- 
faces in said projection optical system, said projection optical system satisfies the following conditions: 

IS 

0^y<40 

and 

90. The projection exposure method according to Claim 88. wherein where A represents the number of aspheric sur-: 
25 faces In said projection optical system, said projection optical system satisfies the following conditions: 

0^y<40 

30 and 

2S A. 

35 91 . The projection exposure method according to aaim 85, wherein where A represents the number of aspheric sur- 
faces in said projection optical system, said projection optical system satisfies the following conditions: 

40^y<70 

40 

and 

1 ^ A ^ 5. 

45 

92. The projection exposure method according to Claim 88, wherein where A represents the number of aspheric sur- 
faces in said projection optical system, said projection optical system satisfies the following conditions: 



40 ^ y < 70 

so 

and 

1 g A ^ 5. 

55 



93. The projection exposure metiiod according to either one of Claims 85 to 92, wherein in said Illumination step, light 
of a wavelength of not more than 200 nm nor less than 1 70 nm Is supplied. 
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94. The projection exposure method according to either one of Claims 85 to 92, wherein a region of said frnage formed 
in said image forming step Is inscribed in a drcle having a diameter of not iess than 20 rn^ 

95. The projection exposure method according to either one of Claims 85, and 87 to 92, wherein the Image^de 
5 maximum numerical aperture NAw of said projection optical system satisfies the following condition: 

NAwgO.65. 

10 96. The projection exposure mettiod according to either one of Qaims 85 to 92, wherein said image forming step 
comprises an auxiliary step of guiding said light to an aspheric surface provided iri a lens made pt a material 
different from said fluorite. 

97. The projection exposure mettiod according to either one of Qaims 85 to 92, wherein said front lens unit, said 
15 aperture stop, and said rear lens unit are located along an optical axis extending linearly. 

98. The projection exposure mettiod according to eittier one of Claims 85 to 92. wherein said projection optical system 
comprises an aspheric surface for ensuring an image field having a diameter of not less than 20 mm. 

20 99. A method of fabricating a microdevice having a predetemriined circuit pattem^ comprising the steps of: 

astepof projecting an image of said pattern onto said woricpiece to effect exposure thereof, using the projection 
exposure mettiod as set fortti in either one of Claims 85 to 92; and 
a step of developing said woriq>iece after ttie projection exposure. 

25 

lOOJ^ mettiod of fabricating a projec^on exposure apparatus for projecting a pattem on a projection master onto a 
woricpiece to effect exposure thereof, comprising the steps of: 

a step of preparing an illumination optical system for supplying exposure light of a wavelengtti of not more 
30 than 200 nm to said projection master; and 

a step of preparing a projection optical system for fonning an image of the pattem on said projection master, 
at a predetemnined projection magnification p on said woriq>iece; 

wherein tfie step of preparing said projection optical system comprises an auxiliary step of preparing a front 
lens unit, an aperture stop, and a rear lens unit, an auxiliary step of locating said front lens unit b^ween 
35 positions where said aperture stop and said projection master are located respectively, and an auxiliary step 

of locating said rear lens unit between positions where said aperture stop and said wortqpiece are located 
respectively. 

wherein, where y (kg) represents a translated amount of fluorite of a disk member from an amount of fluorite 
among light-transmitting optical materials In said projection optical system, f2 (mm) is a focal lengtti of sakl 
40 rear lens unit, and NAw Is a maximum numerical aperture on ttie image side of said projection optical system, 

and where x is defined as follows: 

x = t2-4ipi.NAw^ 

45 

the following conditions are satisfied: 

y ^ 4x • 200, 

so 

yg(4xn3)f (1000/13). 



y ^ 4x - 440. 

55 

and 
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1 01 .A scanning projection exposure apparatus for projecting a pattern on a projection master onto a workplace to effect 
5 exposurethereof while scanning, comprising: 

an illumination optical system for supplying exposure light of a wavelength of not more than 200 nm to said 
projection master; and 

a projection optical system for fomiing an image of the pattem on said projection master, at a predetennined 
10 projection magnification p on said workpiece; 

wherein said projection optkral system comprises an aperture stop, a front lens unit located between the ap- 
erture stop and said projection master, and a rear tens unit located between said aperture stop and said 
workplace, 

wherein, where y (kg) represents a translated amount of fluorite of a disk member from an anfK>unt of fluorite 
15 among light-transmitting optical materials in said projection optical system, 12 (mm) is a focal length of sahj 

rear lens unit, and NAw is a maximum numerical aperture on the vnage skie of said projection optteal system, 
and where x is defined as follows: 



x = t2-4lp|.NAw^ 

the following conditions are satisfied: 



y^4x-200, 
yg(4x/13) -I- (1000/13), 
yg 4x^440, 

and 



102^ dioptric projection optk:al system for f onning an image of a pattem on a first surface, on a second surface, using 
light of a wavelength of not more than 200 nm, comprising: 

40 

an aperture stop; 

a front lens unit k>cated between the aperture stop and said first surface; and 
a rear lens unit located between said aperture stop and said second surface; 

wherein, where y (kg) represents a translated anx)unt of fluorite of a disk member from an amount of fluorite 
45 among light-transmitting optk»l materials in said projection optical system, f2 (mm) is a focal length of sakJ 

rear lens unit, p is a projection magn ification of saki projection optcaJ system, and NAw is a maximum numerical 
aperture on ttie image side of said projection optical system, and where x is defined as follows: 

^ x = 12.4ipi.NAw^; 

the following conditions are satisfied: 



yS4x-200, 
y^ (4x^3) 4^ (1000/13). 
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y^4x-440, 

and 

5 



103 JV method of fabricating a dioptric projec^on optical system for fomiing an image of a pattem of a first surface on 
to a second surface, using light of a wavelength of not more than 200 nm, comprising: 

a step of preparing a front lens unit, an aperture stop, and a rear lens unit; 
a step of locating said front lens unit between said aperture stop and said first surface; and 
a step of locating said rear lens unit between said aperture stop and said second surface; 
15 wherein, where y (kg) represents a translated amount of fluorite of a disk memt)er from an amount of fiuorite 

' among light-transmitting optrcal materials in said projection optical system, f2 (mm) is a focal length of said 
rear lens unit, P is a projectton magnification of saki projection optk:al system, and NAw Is a nraximum numerical 
aperture on the image side of said projection optical system, and where x is defined as fbltows: 

^ x = e-4lp|.NAw^ 

the following condlttons are satisfied: 

y^4x-200, 
y^ (4x/13) + (1000/13), 
y^4x-440. 

and 

y^O. 

1 0A A projection exposure apparatus for projecting a pattem on a projection master onto a workplace to effect exposure 
40 thereof, comprising: 

an illumination optical system for supplying exposure light of a wavelength of not more than 200 nm to said 
projection master, and 

a projection optk»l system for fonning an image of the pattem on said projection master, at a predetenmined 
45 projection magnifteationp on said woricpiece; 

wherein said projection optk:al system comprises an aperture stop, a front lens unit located between the ap- 
erture stop and said projection master, and a rear lens unit located between saki aperture stop and said 
woriq)iece, 

wherein, where y (kg) represents a translated amount of fluorite of a disk member from an amount of fluorite 
50 among light-transmitting optical materials in said projection optical system, f2 (mm) is a focal lengtti of said 

rear lens unit, and NAw is maximum numerical aperture on the image side of said projection optical system, 
and where X is defined as follows: 

x = e.4lpl-NAw^ 

the following conditions are satisfied: 



25 



30 



35 
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ys(9x/2)-270, 



5 y^90, 

y ^ (9X/2) - (8S5/2), 

10 and 

ySO. 

f 5 1 0S.The projection exposure apparatus according to Claim 1 04, wherein, concerning said maximum numerical aperture 
NAw and the amount of ftuorite y, the following conditions are satisfied: 

NAw>0.72 

20 

and 

y < 75. 

25 

■ lOe.The projection exposure apparatus according to Claim 104, wherein the focaJ length f2 of the rear lens unit and 
the maximum numerical aperture NAw of said projection optical system satisfy the following condition: 

110<f2/NAw<200. 

30 

1 07 JV projection exposure apparatus for projecting a pattem on a projection master onto a worlqaiece to effect exposure 
thereof, comprising: 

35 an illumination optical system for supplying exposure light of a wavelength of not more than 200 nm to said 

projection master; and 

a projection optical system for forming an Image of the pattem on said projection master, at a predetermined 
projection magnification p on said worlq^iece; 

wherein said projection optical system comprises an aperture stop, a front lens unit located t>etween the ap- 
40 erture stop and said projection master, and a rear lens unit located t>etween said aperture stop and said 

workpiece, 

wherein, where y (kg) represents a translated amount of a first material of a disk member from an artnount of 
the first material among light-transmitting optical materials in said projec^on optkal system, f2 (mm) is a focal 
length of said rear lens unit, and NAw is a maximum numerical aperture on the Image side of saki projection 
45 optical system, and where X is defined as follows: 

x = l2-4lpl-IMAw^ 

50 the following conditions are satisfied: 

y^4x-200. 

^ y^(4x/13) + (1000/13). 
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yg4x-440, 

and 

5 

1 08.The projection exposure apparatus according to Claim 1 07, wherein, concerning said maximum numerical aperture 
.10 NAw and the amount of fluontey, the following conditions are satisfied: 

NAw>0.72 

f5 and 

y < 75. 

20 109.The projection exposure apparatus according to Claim 1 07, wherein the focal length f2 of the rear lens unit and 
the maximum numerical aperture NAw of said projection optical system satisfy the following condition: 

110<f2/NAw<200. 

110.The projection exposure apparatus accorcfing to Claim 107, wherein the foflowing condition Is satisfied: 

y=0. 

30 

m.The projection exposure apparatus according to Claim 110, wherein said illumination optical system supplies light 
of a wavelength of not more than 200 nm nor less than 1 70 nm, and wherein said first material among said light- 
transmitting materials In said projection optical system is sDica. 

35 112.The projection exposure apparatus according to Claim 110, wherein said illumination optical system supplies light 
of a wavelength of not more than 170 nm, and wherein said first material among said light-transmitting materials 
in said projection optical system is fluorlte. 

113. Hie projection exposure apparatus according to Claim 107, wherein said light-transmitting materials in said pro- 
40 jection optical system further comprise a second materlal different from said first nmterial. 

114. The projection exposure apparatus according to Claim 113, wherein said second material is silica glass. 

115. The projection exposure apparatus according to Claim 114, wherein said first material is fluorite. 

45 

1 1 e.TTie projection exposure apparatus according to either one of Claims 1 07 to 1 1 5, wherein said illumination optical 
system supplies light having a full width at half maximum of not more than OJS pm. 

117. The projection exposure apparatus according to either one of Claims 107 to 115, wherein said projec^on optical 
50 system has an Image field having a dlam^ of not less tiian 20 mm. 

118. The projection exposure apparatus according to either one of Claims 107 to 115, wherein said projection optical 
system connprises an aspheric surface for ensuring an image field having a diameter not less than 20 mm. 

55 119.The projedHon exposure apparatus according to eittier one of Claims 107 to 115, wherein said front lens unit, said 
aperture stop, and said rear lens unit are located along an optical axis lending lineariy. 

120^ projection ^cposure method of projecting a pattern on a projection master onto a woricpiece to effect exposure 
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thereof , comprising: 

an illumination step of supplying exposure light of a wavelength of not more than 200 nm to said projection 
master; and 

5 an Image fomriing step of forming an image of the pattern on said projection master, at a predetennined pro- 

jection magnification p on said worfcpiece, using a projection optical system comprising a front lens unit, an 
aperture stop, and a rear lens unit; 

wherein said image forming step comprises a first auxiliary step of guiding the light from said projection master 
to said front lens unit, a second auxiliary step of guiding the light passing through said front lens unit to said 
10 aperture stop, a third auxiliary step of guiding the fight passing through the aperture stop, to said rear lens 

unit, and a fourth auxiliary step of forming the image of said pattern on said woricplece, using the light passing 
through the rear lens unit, 

wherein, where y (kg) represents a translated amount of a first material of a disk memt>er from an amount of 
the first material among light-transmitting optical materials in said projection optfcal system, f2 (mm) Is a focal 
15 length of said rear lens unit, and NAw is a maximum numerical aperture on the image side of said projection 

optk»l system, and where x is defined as follows: 



20 



30 



35 



40 



45 



50 



x = f2>4ipi-NAw^ 

the following condlttons are satisfied: 

yg4x-200, 
y ^ (4x/13) + (1000/13), 
yg4x-440. 

and 

y SO. 

121 .The projection exposure method according to Claim 120, wherein, concerning said maximum numerical aperture 
NAw and the amount of fiuorite y, the foitowing condftions are satisfied: 

NAw>0.72 

and 

y < 75. 

122. The projection exposure method according to Claim 1 20, wherein the focal length f2 of the rear lens unit and the 
maximum numerical aperture NAw of said projection optical system satisfy the following condition: 

110<f2nMAw<200. 

123. A dioptric projection optical system for fonning an ima^e of a pattern of a first surface on a second surface, using 
light of a wavelength of not wore than 200 nm, comprising: 

an aperture stop; 

a front lens unit kx:ated between the aperture stop and said first isurface; and 
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.10 



15 



20 



40 



45 



55 



a rear lens unit located between said aperture stop and said second surface; 

wherein, where y (kg) represents a translated amount of a first material of a disk member from an amount of 
the first material among light-transmltdng optical materials in said projection op!tk»l system, f2 (mm) is a focal 
length of said rear lens unit, p is a projection magnification of said projection optical system, and NAw is a 
maximum numerical aperture on the image side of said projection optical system, and where x is defined as 
follows: 

x = e.4ip|.NAw^ 

the following conditbns are satisfied: 

y^4x-200. 
y^(4x/13) + (1000/13), 
yg4x-440, 

and 

y ^0. 

124J\ method of fabncating a dioptric projection optical system for forming an image of a pattern of a first surface on 
a second surface, using light of a wavelength of not more than 200 nm, comprising the steps of. 

a step of preparing a front lens unit, an aperture stop, and a rear lens unit; 

a step of locating said front lens unj^ between said aperture stop and said first surface; and 

a step of locating said rear lens unit between said aperture stop and said second surface; 

wherein, where y (kg) represents a translated amount of a first material of a disk member from an amount of 

the first material among light-transmitting optical materials In said projection optical system, t2 (mm) is a focal 

length of said rear lens unit, p is a projection magnification of saki projectton optfeal system, and NAw is a 

maximum numerical aperture on the image side of said projection optical system, and where x is defined as 

follows: 

x = 12-4lpl.NAw^ 

the following conditions are satisfied: 

y£4x-200, 
yg(4x/13)-i- (1000/13), 
y^4x-440, 

and 

y^o. 
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Fig. 7 
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Fig.12 
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Fig.16 
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Fig.17 
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1. Tbe invention of claim 1 relates to a refractive projection exposure 
optical system for foraing the inage of a pattern on a first suirface 
on a BecQnd surface by the action of a light- transmitting refractive 
member, coa^rising a front lens group disposed in an optical path between 
the first and second surfaces cmd having a positive refractive power, 
a rear lens group disposed in an optical path between the front lens 
Sraup and the second surface and having a positive refractive power, 
and an aperture stop dispelled near the back-side focal distance of the 
front lens group, wherein the first and second surfaces of the projection 
optical system are telecentrxc, and the condition concerning the focal 
distance of the second lens group and the distance- between thie first 
and second surfaces is determined. 

dains 2-14 are dependent claims referring to claim 1. 
The invention of claim 15 relates to a method for producing a proj ection 
optical system tAiere the same specific matters as those of the invention 
of claim 1 are specified. 
. Claims. 57-59, €3, 66 are dependent claims referring to claim 1. 

2. The invention of claim 16 relates to a refractive projection optical 
system for forming the image of a pattern on a first surface on a second 
surface by the. action of a light- transmitting refractive member, 
characterized in that the refractive projection optical system includes 
three or more lenses having refractive power, and at least one surface 
of the three lenses on the first surface side selected from among the 
lenses having refractive power is an aspherical surface having negative 
refractive power. 

3. The invention of claim 17 arelates to a refractive projection optical 
system for forming the image of a pattern on a first surface on a second 
surface by the action of a light -tranamitting member, wherein the 
refractive proj ection optical system has lenses having refractive power , 
at least one surface of the two lenses on the first surface side selected 
from among the lenses having refractive power is as^^ericaU., and the 
condition concerning the relationship between the local principal 
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curvature at and near the optical axis of the aapherlcal surface and 
the local pri&cipal curvature in the meridional direction of the 
peripheral part within the lens effective diameter of the aspherlcal 
surface is specified. 
, The invention of claim 18 relates to a refractive projection optical 
system for forming the image of a pattern on a first surface on a second 
surface by the action of a light- transmitting member » vherein the 
refractive projection optical system has lenses having refractive power, 
at least one surface of the four lenses on the first surface side selected 
from among the lenses having refractive po«per is aspiherical, and the 
candition concerning tha relationship between the local principal 
curvature at and near the optical axis of the aspherical surface and 
the local principal curvatiire in the meridiraial direction of the 
peripheral part within the lens effective diameter of the aspherical 
surface is specified. 

The invention of claim 19 relates to a method for producing a refractive 
projection optical system where the same specific matters as those of 
the invention of claim 18 are specified. 

The invention of claim 20 relates to a refractive projection optical 
system for forming a demagnif ied image of a pattern on a first surface 
on a second surface, wherein the refractive projection optical system 
has, from the first surface side, a first lens grot^ having negative 
refractive power, a second lens group having positive refractive power, 
a third lens group having negative refractive power, a fourth lens grov^ 
having positive refractive power, an aperture stop, and a fifth leaa 
group having positive refractive power, and the' conditicai concerning 
the relationship among the synthetic lateral magnifications of the first 
and second lens groves, the distance from the first surface to the lens 
surface of the lens, nearest to the second surface, of the second lens 
group , and the distance between the first and second surfaces is specified . 
Claims 21-30 are dependent claims referring to claim 20. 
^e invention of claim 31 relates to a method for producing a projection 
optical system where the same specific matters as those of the invention 
of claim 21 are specified. 
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e. The invention o£ claim 32 relates to a projection optical system for 
forming a demagnif ied image of a pattern on a first surface on a second 
surface, wherein the projection optical system includes at least one 
llght-transnlttiiig refractive member disposed in an optical path of the 
projection optical system, and the condition concemisg the relationship 
between the overall thickness along the c^tical axis of the 
light- transmitting^nember disposed in the optical path of the projection 
optical systett-and the distance between the first and second surfaces 
is determined* 

Claims 33-41 are dependent claims jref erring to claim 32. 
The invention of claim 42 relates to a method for producing a projection 
optical system where the same specific matters as those of the invention 
of claim 32 are specified. 

7. the invention of claim 43 relates to a refractive projection optical 
system for forming a demagnif ied image of a pattern on a first surface 
on a second surface, wherein the refractive projection optical system 
includes three or more aspherical lens surfaces, and the condition 
conceming the relationship between the sum of the numbers of members 
having refractive power among the light -transmitting refractive meiabers 
of the projection optical system and the sum of the numbers of men^bers 
having aspherical lens surfaces is determined. 

Claims 44-55 are dependent claims referring to claim 43. 
The invention of claim SS relates to a method for producing a projection 
optical system where the same specific matters as those of the invention 
of claim 43 are specified. 

8. The invention of claim 60 relates to a projection eaqpo'sure a^qparatua 
for projecting a demagnif ied image of a pattern provided on a projection 
original onto a work to expoBB it« characterized by conq^rising a lis^t 
source for supplying es^osure lis^ in a wavelength band of 180 nm or 
less, an illumination optical system for directing the exposure light 
from the light source to the pattern on the projection original, and 
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a projection optical system disposed in the optical path between the 
projection original and the work and adapted to direct the exposure light 
the intensity of which is 25% or more of that of exposure light pniwil ng 
through the projection original and thereby to form a demagnif ied image 
of the pattern en the worJc. 

daim 61 is a dependent claim referring to claim 60. 

9. The invention of claim 62 relates to a projection exposure apparatus 
for projecting a demagnif ied image of a pattern provided on a projection 
original onto a work tb..ea9ose it, wherein the apparatus cooiprisea a 
light source for supplying exposure light in a wavelength band of 200 
nm or less, an illumination optical system for directing the eaqxsaure 
light from light source to the pattern on the projection original, 
and a projection optical system disposed in the optical path be t w een 
t-ho projection original and the work and adapted to direct the es^osure 
light passing through the projection original to the %irork and thereby 
to form a demagnif ied image of the pattern on the work, the condition 
concerning the relationship among the intensity of exposure light 
directed from the light source to the illumination optical system to 
the projection original, the intensity of exposure light directed from 
the illumination optical system, the intensity of exposure light entering 
the projection optical system, ' and the intensity of exposure li^t 
directed from the projection optical system to the work is determined. 
The invention of claim 64 relates to a projection exposure method lAiere * 

same specific matters as those of the invention of claim 62 are 
specified. 

Claim 65 is dependent claim referring to claim 64. 

10 . The invention of claim 67 relates to a projection exposure aiv>aratU8 
for projecting a pattern provided on a projection original onto a work 
to expose it, wheirein the apparatus cooprises an illumination optical 
system for supply ins exposure light in a wavelength band of 200 nm or 
less to the projection original and a projection optical system adapted 
to form an image varied by a predetermined projection magnification p 
of the pattern on the projection original on the work, the proJecticMi 
optical system conporlaea an aperture stop, a front lens group disposed 
between the aperture stop and the projection original, and a rear lens 
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group disposed between the aperture stop and the work, and the ccojdltian 
concerning the relationship between the amount of fluorite of the 
light-transmitting optical material of the projection optical system 
in terms of disk, the focal distance of the rear lens sraap, and the 
BjaxUmum numerical aperture on the image side of the projection optical 
system is detemined. 

Claims 68-84 are dependent claims referring to claim 67. 

inventions of claims fiS, 99, 100, 101, 102, 103, 107. 120, 123, 124 
relate to a mibj^t matte]^ that comprises a projection optical system 
specified in claim 67 and is specified in various categories. 
Claim 86-98, 108-119, 120-122 are dependent claims referring to claim 



05. 



The iiwrentioa of claim 104 relates to a projection exposure apparatus 
for projecting a "pattern on a projection original onto a work to expose 
It, wherein the apparatus comprieea an illumination optical system for 
supplying «q>o8ure light in a wavelength band of 200 nm or less to the 
projection original and a projection optical system adapted to form an 
image varied by a predetermined projection magnification p of the pattern 
on the projection original, the projection optical system co««)rifles an 

- aperture stop, a front Icna grcmp disposed between the^ aperture stop 
and the projection original, and a rear lens group disposed between the 
^rtuxc stop and the work, and the condition concerning the relationship 
among the amount of fluorite of the Ught- transmitting optical material 
of the projection c^tical system in terms of disk, the focal distance 
of the rear lens system, and the maximuiii nui^rical aperture on the image 
side of the projection optical system is determined, which is a 
modification of the conditim specified in claim 67. 
Claims lOS, 106 are dependent claims referring to claim 104. 

The group s of inventions of claims 1 -10 d o not include any common tec hnical 
matters that are novel and not anticipated by the prior art. 
Therefore there are no common technical matters considered to be special 
technical features defined in PCT Rule 13.2. 

The subject matter of group 1 of inventions is known as disclosed in, 
e.g. , the cited prior art document JP. 11-133301, A (Mlcon corporation) . 
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June 21, 1999 (21. 05. 99} and relates to a projection optical systea 
i^ch is telecentric on both sides, that is, first and second saxfaces 
and which has a lens system where separate front and back lens groiapa 
are provided on both sides of an aperture stop, and the condition specified 
in claim 1 is satisfied. The specific technical matters specified in 
claim 1 are not novel coes » and therefore are not considered to be special 
technical features defined in PCT Rule 13.2. 

The. inventions of dependent claims directly referring to claim 1 are 

... ' 

not so linked as to form a single inventive concept and further divided 
into sub-groups (1) , <2, 3) , (4, 5, 7), (6), (8*12), (13), (14), (15), 
and (57-59, 63, 66). 

The subject matter of group 6 of inventions is also )aiown as disclosed 
in, e.g. , the citedprior art document OP, 11-133301, A (Hicon corporation) , 
May 21, 1999 (21.. 05. 99) and relates to a projection optical system 
having a lens system in which the condition concerning the relationship 
between the overall thiclcness along the optical axis of a 
light-transmitting refractive member disposed in an optical path of the 
projection optical system and the distance from the first surface to 
the second surface is satisfied . The specific matters specified in claim 
32- are not novel ones.* * Therefore the specific matters are* not 'common* * 
technical matters considered to be special technical features defined 
in PCT Rule 13.2. 

Therefore the inventions of dependent claims directly referring to claim 
32 are not so linked as to form a single general inventive concept and 
further divided into sub-groiqps (32), (33), (34), (35), (36), (37), 
(38-40), (41), and (42). 

Therefore these groi^ (including sub-groups) of InventicoB involve no 
comoaon technical matters considered to be special technical features 
defined in PCT Rule 13 . 2 and are not so linked as to form a single general 
inventive concqtt . Therefore, these groups of inventions do not fulfill 
the requirement of imity of invention. 



Foim PCrr/ISA/210 (exha thctt) (My 1992) 



104 



